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ABSTRACT 


This  volume  Is  one  of  three  volumes  on  the  physical 
aspects  of  noise  control  In  aircraft  engine  test  cells  and 
ground  run-up  suppressors.  The  measurement  procedures  and  the 
noise  reduction  data  that  form  a  technical  basis  for  many  of 
the  techniques  and  Ideas  presented  In  the  other  volumes  are 
analyzed.  Errors  arising  from  the  measurement  equli»Bent«  wide¬ 
band  freqviency  analysis «  randcm  variations  of  noise  level  in 
time  and  space,  the  use  of  artificial  noise  sources,  varlatlcms 
In  air  flow  conditions  and  different  measurement  procedures  are 
Investigated  to  obtain  an  objective  measure  of  the  reliability 
of  data  obtained  from  an  AP  sponsored  program  of  acoustical 
evaluations  of  test  cells  and  ground  run-up  suppressors.  Data 
(m  Impervlotis  barriers  and  noise  control  components  for  air 
passages  are  analyzed,  me  perfomance  of  a  single  wall  barrier 
can  be  reliably  estimated,  but  the  large  noise  reductions 
expected  frdta  double  wall  barriers  are  seldmn  obtained  because 
of  flanking  paths.  The  perfonssnce  of  noise  control  cmnpcxients 
for  air  passages  was  found  to  differ  significantly  from  that 
predicted  by  theory  (first  order  modes,  long  treatment). 
Differences  are  attributed  to  the  spatially  random  nature  of 
the  noise  field.  Empirical  corrections  are  presented. 
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SBCTION  I 
miRCDtlCTION 


The  Iftilted  States  Air  Force  Is  conducting  a  program  of 
acoustical  evaluations  of  aircraft  engine  test  cells  and  air¬ 
craft  ground  run-up  suppressors.  Iftider  this  program*  detailed 
measurements  have  been  carried  out  on  more  than  twenty  test 
cells  and  four  ground  run-up  suppressors.  The  results  of  the 
program  obtained  to  date*  together  with  relevant  Infozmiatlon 
fron  other  sources*  ara  siansarlzed  In  three  volumes: 

1.  Measiirement  and  Analysis  of  Acoustical  Performance.^ 

2.  Design  and  Planning  for  Noise  Control 

3.  An  Engineering  Analysis  of  Measurement  Proceduras 
and  of  Design  Data. 


These  three  volumes  deal  only  with  the  physical  aspects 
of  noise  control.  Information  concerning  the  psychological 
and  physiological  problera  of  criteria  for  noise  control  Is 
contained  In  other  Air  Force  reporas^^^^ 


In  the  first  two  volunws*  no  atteiqpt  was  made  to  provide 
a  technical  Justification  or  basis  for  the  Infonsatlon  pre¬ 
sented.  Where  possible*  references  were  siade  to  the  literature 
of  acoustics.  However*  much  of  the  data  and  many  of  the  proce¬ 
dures  In  the  first  two  voluaes  are  based  on  Information  not 
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available  In  the  literature  of  aoouetloe.  The  present 
voluM  provides  that  Infonsatlon  vhleh  is  not  available 
elsewhere. 

The  prlnary  objective  of  this  report  is  to  analyse  and 
extrapolate  the  noise  reduotlon  data  obtained  from  the  pro- 
graa  of  acoustical  evaluations  for  incorporation  in  the 
second  volune.  In  order  to  aeeost>llsh  this  objective, 
several  possible  definitions  of  noise  reduction  for  noise 
control  coBiponents  are  reviewed  in  Section  II.  The  differ¬ 
ences  between  the  various  "noise  reductions"  are  particularly 
stressed.  Definitions  of  acoustical  effectiveness  for  use  in 
these  volusws  are  presented  and  the  llBdtatlons  of  the  defini¬ 
tion  are  discussed. 

The  possible  sources  of  error  in  the  Masurenent  of 
noise  reduction  are  quantitatively  analysed  in  Section  III 
by  use  of  extensive  experlxental  data.  The  sMln  objective  of 
the  snalysls  is  to  detensine  the  aagnltude  of  errors  in  the 
data  presented  in  this  voIubm  so  that  analyses  and  extrspola- 
tlons  of  the  measured  noise  reduction  data  may  be  carried  out 
in  a  rational  manner.  However,  the  analysis  of  error  is 
general  enough  so  that  quantitative  estimations  of  possible 
errors  in  test  cell  data  from  other  sources  can  be  made, 
if  sufficient  information  is  given  about  the  nusOMr  of  measur¬ 
ing  positions,  the  location  of  8d.crophones,  etc.  The  analysis 
of  the  errors  also  provides  a  basis  for  estimating  the  reliabil¬ 
ity  of  the  data  contained  in  this  volume  and  in  Volume  Two. 

The  noise  reduction  data  is  presented  in  two  parts.  The 
first  part,  presented  in  Seotion  IV,  deals  with  the  noise 
reduction  of  impervious  barriers.  This  part  Illustrates,  by 
selected  examples,  the  differences  between  theoretical 
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predlotlona  and  field  data.  Generally  the  dlfferenoea 
between  theory  and  field  data  are  snail  for  single-parti¬ 
tion  structures.  For  double-wall  structures,  the  differences 
are  large.  The  relations  between  the  theory  and  the  neasure- 
ments  are  discussed  and  esqplalned. 

nie  second  part,  presented  In  Section  V,  deals  with 
the  noise  reduction  characteristics  of  acoustical  treatments 
In  air  passages.  Serious  discrepancies  between  theory  and  the 
field  data  have  been  found.  These  discrepancies  arise  primarily 
because  conditions  which  obtain  In  test  cells  are  beyond  the 
scope  of  present  day  theories.  JUialysls  of  the  data  shows 
that  the  behavior  of  noise  reduction  components  In  test  cells 
Is  significantly  different  from  the  generally  accepted  theories. 
Furthermore,  the  analysis  casts  serious  doubts  upon  the  validity 
of  certain  types  of  data  obtained  by  sosie  field  and  laboratory 
measurement  techniques.  The  analysis  therefore  begins  with  a 
qualitative  description  of  the  behavior  of  baffles,  ducts,  and 
bends  In  engine  test  cells.  An  analysis  Is  then  carried  out 
to  generalize  the  data  obtained  under  the  program.  Extrapola¬ 
tion  procedures  are  presented,  and  tested,  where  possible,  for 
determining  the  noise  reduction  characteristics  of  many  struc¬ 
tures  which  were  not  measured  under  the  program. 

The  final  section  Is  devoted  to  miscellaneous  Information 
which  Is  required  for  the  application  of  noise  reduction  data 
to  the  design  of  engine  test  facilities  and  ground  run-up 
suppressors. 
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SBCTIOII  II 

DPIHITIONS  GP  ACOUSTICAL  BPTBCTIVBNBSS 


Iniertlon  loss,  trsnsalsslon  loss,  SPL  dlffsrenoe, 
trsnsslsslon  ooeffiolsnt,  trsnsalsslon  factor,  and  attenua¬ 
tion  ars  but  a  few  of  the  nany  terM  which  are  used  In  the 
literature  of  acoustics  to  describe  the  acoustical  effective¬ 
ness  ("noise  reduction")  of  a  noise  control  ooa|>onent. 
Unfortunately,  there  is  not  a  one-to-one  correspondence  between 
the  terns  and  their  deflnltlmis,  so  that  it  is  essential  to 
define  carefully  the  terns  that  will  be  used  in  this  volune 
to  describe  the  acoustical  effectiveness  of  noise  ccmtrol 
oonpmients. 


A.  General  Discussiwi 

In  this  section,  sosw  of  the  nore  connonly  used  neasures 
of  acoustical  effectiveness  are  defined  and  a  slnple  exaaple 
is  presented  to  show  that: 


1.  The  several  definitions  yield  quantitatively 
different  "noise  reductions". 


2.  The  "noise  reductions"  are  not  solely  physical 
properties  of  the  noise  control  conponent,  but, 
instead,  are  neasures  of  the  physical  properties 
and  the  interaction  of  these  properties  with 
thslr  envlrcnnent.* 


Sons  of  the  terns  describing  acoustical  effectiveness 
deal  with  ratios  of  sound  energy  or  sound  power.  Others  deal 


^  soBW  deriniticns  of  acoustical  effeotlvsness  specify  certain 
oharaoterlstios  of  the  mvirennsnt  in  the  definition.  Tor 
exaaple,  traneniesion  loss  is  usually  definsd  as  a  ratio  of 
incident  to  transaiviea  energy  when  the  energy  is  trananitted 
to  a  pc  impedance.  It  is  then  a  natter  of  seaantlos  as  to 
whether  or  not  transnlssion  loss  is  a  property  mly  of  the 
elenent. 
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with  ratios  of  sound  pressure.  Those  terns  that  deal  with 
ratios  of  sound  pressure  are  of  primary  Interest  because  the 
measurement  or  calculation  of  sound  energy  or  power  Is  possl* 
ble  only  under  a  few  limited  conditions^  which  are  not  generally 
applicable  to  the  evaluation  of  noise  control  cosponents  In 
aircraft  engine  test  facilities. 

In  terms  of  sound  pressures,  the  acoustical  effectiveness 
of  a  component  can  be  defined  as: 

1.  The  ratio  of  a  sound  pressure  at  sobm  point  before 
the  noise  control  eleswnt  Is  Inserted,  to  the  sound 
pressure  at  the  saise  point  after  the  noise  control 
element  Is  Inserted. 

2.  The  ratio  of  a  sound  pressure  Incident  on  the  noise 
control  element  to  a  sound  pressure  transmitted  by 
the  noise  control  elesient,  or 

3.  The  ratio  of  a  sound  pressure  on  the  Input  side  of 
the  element,  to  a  sound  pressure  at  the  output  side 
of  the  element. 

An  Illustrative  exasqple  showing  how  the  several  defini¬ 
tions  differ  Is  Illustrated  In  Pig  1.  The  piston  at  the  end 
of  a  rigid  tube  causes  a  sound  pressure  which  Is  given  by  the 
product  of  the  velocity  of  the  piston  and  the  characteristic 
Intpedance  of  air,  pc.  When  the  massive  plate  Is  Introduced 
In  the  tube,  the  sound  pressures  Pj^j^  and  p^^^  obtain.  The 
ej^resslons  for  the  sound  pressure,  particle  velocity,  and 
the  Impedance  at  any  point  in  the  tube  between  the  piston  and 
the  mass  can  be  expressed  by  Eqs  1  through  3  below^ . 

p  ■  2P^  e"*®  /cosh^  (to)  -  sln^  (wg)  (1) 
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FIG.  I  RELEVANT  TO  THE  DEFINITION  OF  ACOUSTICAL  EFFECTI 


(2) 


■  e“^  ycosh^  (»a)  -  coa^  (tP) 


s  -  I  -  pc  \^{  -  V^/ 

/cMh^OreO^cMM^) 

In  which 


./.othf  (IT.)  - 


(3) 


p  ■  the  eound  pressure  at  any  point  between  x  >  0 
and  X  ■  i 

u  a  particle  velocity  at  any  point  between  x  ■  0 
and  X  m  i 

z  a  the  specific  acoustic  Impedance  at  any  point  between 
X  a  0  and  X  a  i 

P^a  the  sound  pressure  of  a  wave  propagated  from  the 
piston  towards  the  plate 

a  a  a  real  nuiSber  which  measures  the  ratio  of  the 
magnitudes  of  the  Incident  and  reflected  sound 
pressure  or  particle  velocity  waves 

^  a  a  real  number  which  swasures  the  phase  angle 
between  the  Incident  emd  reflected  waves 


Both  a  and  B  can  be  found  from  the  Impedance  of  the 
massive  plate  of  the  tube.  For  this  exaaple,  we  shall  assume 
that  the  mass  reactance  of  the  plate  Is  much  greater  than  the 
characteristic  Impedance  of  air,  and  that  the  Impedance  of 
the  termination  Is  simply: 


Z|  ■  ion 


^11  ~  ^21 
«11 


'>11 


(4) 


idiere 

m  Is  the  surface  density  of  the  massive  plate 
CD  is  the  angular  frequency 
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!•  the  velocity  of  the  Met 
end  end  ere  defined  In  Pig  1. 

Applying  the  boundery  conditions:  1)  the  per tie le  velocity 
equelB  Uq  et  x  ■  0«  end  2)  the  lepedenoe  of  the  plete  Is  es 
given  In  (4)«  yields 


0 

(5) 

k  (i-x)  +  fi 

(6) 

“"■‘S 

(7) 

®0  00 

S  OM  Ikl  4- 

(8) 

where 

<0 

k  •  0 

i  ■  the  dlstenee  frosi  the  piston  to  the  bums 
Bquetlons  1  end  2  oen  then  be  evelueted  et  x  ■  i  to 

Pll  -  V®  cos*(k/+  /j 
and 

vv  ^  w  ooa  d 

\l  “  oorn'm  * 

Ihe  trensaltted  sound  pressure,  P2i» 

P21  -  poU^j  -  UqPC  ebs^klyTT 

and 

>>20  ■  ^10  "  ®0P® 


yield: 

(9) 

(10) 

(11) 
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A  "nolsft  reduction”  defined  as  the  ratio  of  the  sound 
pressure  at  the  Input  to  the  sound  pressure  at  the  output  Is: 


^21  ^  cos  i  ^  1  ,  __1 _ 

p,,  sin  p  tan  p  «  ' 

pc 

A  "noise  reduction"  defined  as  a  ratio  of  incident  sound 
pressure  to  transmitted  sound  pressure  Is: 

^  -  2  cos  ^  -  2  sin  ^  -  2  sin  ^  ^  (l4) 

pc 

And  finally,  a  "noise  reduction"  defined  as  a  ratio  of  the 
sound  pressures  at  position  2  before  and  after  Insertion  of 
the  mass  is  given  by: 


**21  _  cos  ^ 

cos  (W  +  /i)  - 


sin  ^  1 

bos  TO  +  /J) 

pc 


(15) 


If  om/pc  Is  large,  as  assumed  Initially,  tan~^  fi  approaches 
90°  and  sin  fi  approaches  unity.  For  this  case,  Eqs  13  and  14 
differ  only  by  a  factor  of  2,  e:q>resslng  the  pressure  doubling 
at  the  face  of  the  massive  barrier,  where  the  Incident  pressure 
and  the  reflected  pressure  add  to  yield  a  pressure  twice  as 
great  as  the  Incident  pressure.  We  might  note  that  If  the 
liiQ>edance  at  x  ■  i  were  small,  the  reflected  pressure  would  be 
out  of  phase  with  the  Incident  pressure  and  the  difference  betwMn 
the  Incident  pressure  and  the  pressure  at  the  Input  could  be 
quite  large.  However,  the  Input  lispedance  of  most  noise  control 
coD^onents  will  not  differ  very  greatly  trom  pc  and  we  stay  expect 
that.  In  general,  the  sound  pressure  measured  at  the  Input  of  a 
noise  control  element  will  not  be  very  different  from  the  Inci¬ 
dent  pressure.  It  Is  perhaps  worth  pointing  out  that  the  square 
of  Eq  14  Is  the  expression  for  normal  Incidence  transmission  loss 
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given  In  laosc  texts  for  a  massive  wall,  if  aom/ripc  is  much 
larger  than  unity. 

The  noise  reduction  quantity  given  In  Eq  15  (which  Is 
usually  called  insertion  loss)  differs  significantly  from 
those  In  Eqa  13  and  14.  In  particular,  the  Insertion  loss 
depends  not  only  on  am/pc  but  also  upon  ki.  The  dependence 
on  kl  Indicates  that  this  measure  of  acoustical  effectiveness 
depends  CHd  the  geometry  In  front  of  the  mass,  which  in  turn 
■ay  be  Interpreted  as  Indicating  a  dependence  on  the  driving 
lapedanoe  of  the  eouroe. 

Thle  exaaple  lllustratea  that  the  three  deflnltlone  do 
not  yield  the  aane  neaaure  of  noise  reduction,  even  for  a 
very  slaple  aoouetloal  syeten.  There  is  only  one  case  for 
idtloh  the  three  deflnltlona  yield  the  sane  result*;  In  all 
othar  oaeea,  the  noise  reduction  of  a  eoaponent  depends  upon 
the  definition  aeleoted  and  on  envlronaantal  faetore  (the 
eouroe,  load,  and  transBlsslon  Inpedanoes,  etc.). 

In  the  exaaple  above,  the  noise  reduotlone  could  readily 
be  oaleulated  and  ooepared  with  one  another.  For  noise  con¬ 
trol  elsMents  In  engine  test  faellltles,  the  several  noise 
reduetlona  cannot  be  readily  ealoulated  beoause  the  several 
lapedancea  are  not  known.  Even  If  they  were  known,  oalcula- 
tlon  of  the  several  nolae  reduetlona  would  present  an  extrenely 
difficult  taek.  Baoh  of  the  lapedanoea,  and  henoe  the  nolee 
raduotlon,  will  depend  upon  frequency  and  the  angle  of  Inoldenoe 
of  the  sound  wave  at  the  Input.  It  would  therefore  be  neees- 
aary  to  know  baforehand  tha  distribution  of  pceaaurea  as  a 
function  of  angle  of  inoldenoe.  Ih  the  following  paragraph 


*  The  epeelflo  ease  la  an  aooustloal  systen  for  which  the 
eouroe  lapedanoe  and  tho  Input  lapedanoe  of  the  nolee 
control  eleaent  are  both  po. 
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deflnltlona  of  acoustical  effectlveneas  idilch  are  appropriate 
to  engine  test  cells  ar?  discussed.  In  Section  III>  the 
Influence  of  envlronsiental  factors  on  noise  reduction  are 
pursued  In  more  detail.  The  noise  reduction  quantities  which 
are  used  throughout  this  text  are  also  compared  with  other 
noise  reduction  quantities  In  an  empirical  manner. 

B.  Definitions  of  Acoustical  Effectiveness 
for  Aircraft  Engine  Test  Facilities 

Selection  of  an  appropriate  definition  of  acoustical 
effectiveness  for  aircraft  engine  test  facilities  must  be 
made  considering  the  procedures  which  can  be  used  to  measure 
acoustical  effectiveness.  As  was  suggested  above,  definitions 
related  to  sound  energy  or  power  are  of  limited  value.  Deter¬ 
mination  of  sound  power  requires  a  knowledge  of  the  phase  angle 
between  sound  pressure  and  particle  velocity,  as  well  as  the 
direction  of  the  particle  velocity,  over  the  entire  area  of 
the  Input  and  output  of  an  acoustical  treatment.  To  date,  no 
practical  Instrument  has  been  devised  for  measuring  true  sound 
power  In  the  field.  It  Is  necessary,  therefore,  to  restrict 
the  definitions  to  those  relating  to  sound  pressure. 

Insertion  loss,  as  defined  above,  cannot  be  used 
because  of  the  practical  difficulty  of  Inserting  and  removing 
large  noise  control  components  In  the  field.  This  practical 
difficulty  Is  unfortunate  since  the  noise  control  engineer 
Is  usually  concerned  with  an  Insertion  loss  measure  of  acous¬ 
tical  effectiveness. 

The  ratio  of  Incident  sound  pressure  to  transmitted 
sound  pressure  must  also  be  eliminated  from  consideration, 
on  the  grounds  of  Inadequate  instrumentation.  Although 
certain  correlation  techniques  might  allow  discrimination 
between  Incident  and  reflected  waves,  conventional  measurement 
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techniques  do  not.  At  present  only  the  sum  of  the  Incident 
end  reflected  Naves  can  be  neasured. 


Thus,  by  a  process  of  elimination.  It  Is  necessary  to 
select  the  ratio  of  sound  pressure  on  the  Input  side  to  the 
sound  pressure  on  the  output  side  of  the  noise  control  element 
as  a  measure  of  acoustical  effectiveness.  Two  such  noise 
reductions  are  used  In  this  report;  one  for  impervious  barriers 
such  as  walls,  doors  and  windows,  and  one  for  acoustical  treat¬ 


ments  In  air  passages.  For  impervious  barriers,  the  noise 
reduction,  NR,  Is  defined  as^ : 


NR  -  SPL*^  -  SPLg,  (16) 

where 

SPL^  is  the  average  SPL  In  the  reverberant  field  on 
the  source  side 

SPLg  iB  the  SPL  near  the  barrier  on  the  receiver  side. 


Where  possible,  the  transmission  l<^s  (TL)**  of  the 
barrier,  should  be  derived  from  the  NR^. 


The  noise  reduction,  of  an  acoustical  treatment  In 

an  air  passage  Is  defined  as: 


where 


SPL.  Is  found  from  the  average  value  of  the  sound 
•^av 

*  SPL  ■  20  log p/0. 0002}  db  In  which  p  Is  the  sound  pressure 
In  mlcrobar.  ^ 

**  Transmission  loss  equals  10  log^Q  In  which  W^  Is  the 

acoustic  power  Incident  oit  the  barrier,  and  Is  the 
acoustic  power  transmitted  by  the  barrier.  ^ 
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pressure  over  the  input  area  (A^  sq  ft)  of 
the  acoustical  treatment. 

SPLg  is  found  frrai  the  average  value  of  the  sound 
pressure  over  the  output  area  (Ag  sq  ft). 

To  a  rough  approximation: 

in  which 

« 

PVfL^  is  the  power  level  at  the  input, 

PVfLg  is  the  power  level  at  the  output. 

Equation  18  is  only  an  approximation  because  the 
direction  of  velocity  and  the  phase  relations  over  the 
input  and  output  areas  are  not  knomi.  Nevertheless,  the  area 
terms  are  retained  in  the  definition  for  two  reasons.  The 
first  reason  is  that  gradual  changes  in  the  open  area  of  an 
air  passage  may  result  in  a  change  in  SPL  in  the  passage, 
without  a  loss  of  PWL.  Inclusion  of  the  area  assures  that 
such  area  changes  are  not  identified  as  noise  reductions.** 

A  second  reason  for  using  the  area  terms  and  employing 
the  PVTL  concept  in  the  definition  is  that  this  form  of  defini¬ 
tion  is  readily  extendable  to  acoustical  treatments  which  have 
multiple  Inputs  (e.g.,  a  test  cell  with  primary  and  secondary 
air  inlets  which  have  both  common  cmd  individual,  treatments). 


*  PWL  -  10  logj^Q  where  w  is  the  acoustic  power  in  watts. 

**  An  Increase  in  area  is  frequently  taken  as  a  noise  reduc¬ 
tion  quantity,  and  Justifiably  so  in  some  cases.  However, 
if  an  acoustical  treatment  changes  area  greatly  frcmi  the 
"input"  to  the  "output",  the  SPL  will  diminish,  but  the  PWL 
will  remain  constant.  Ihe  reduction  in  PWL  is  a  more  useful 
quantity  than  a  reduction  in  SPL  for  design  of  test  cells 
and  suppressors. 
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The  noise  reduction,  of  a  multiple  Input  system  can  be 

defined  as  the  difference  between  the  total  PVnL  at  the  Inputs 
to  the  total  PWL  at  the  outputs.  The  total  PWL  used  Is: 


SPL.  -t-  10  log  A. 
^  total  "  ^°«10  - ^^“15 - - 

SPL-  +  10  log  Ag 
+  antllog  ”  ""ifl  ^  • • • 

SPL  +  10  log-rt  A_ 

+  antllog - 2 — — 2] 


(19) 


It  should  be  kept  In  mind  that  the  P^^otal 
acUially  a  power  level,  but  swrely  a  useful  artifact  for 
combining  the  Inputs  to  the  acoustical  treatment.  The  acous¬ 
tical  behavior  of  multiple  input  systems  Is  discussed  In 
Section  III  and  Is  not  pursued  further  here.  Some  general 
lliBltatlons  of  the  method  are  discussed  below. 


C.  Limitations  of  the  Definition 
of  Acoustical  Effectiveness 

In  order  to  use  the  I^^  noise  reduction  In  the  design 
of  an  engine  test  facility,  one  must  know  the  SPL  at  the 
Input  to  the  acoustical  treatsMnt.  The  SPL  at  the  Input  In 
the  test  facility  cannot  be  obtained  from  the  free  field  noise 
oharac  tens  tics  of  the  engine  because  the  test  facility  may 
markedly  change  the  noise  oharaoterlstlos  of  the  engine.  In 
addition,  the  aeoustloal  treatment  may  also  affect  the  noise 
oharaoterlstlos  of  the  engine.  Thus  It  Is  neoessary  to 
determine  the  noise  oharaoterlstlos  of  engines  In  test  facili¬ 
ties  In  order  that  the  1^^  definition  will  be  useful  In  the 
design  of  engine  test  faolUtles.  The  noise  oharaoterlstlos 
of  engines  In  test  facilities  are  dlsoussed  In  Section  V. 
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Another  limitation  of  the  definition  Is  that  the 

acoustical  effects  of  certain  noise  control  elements  may  be 

obscured  and/or  attributed  to  another  noise  control  element. 

For  example «  consider  a  "straight- through”  type  of  engine 

test  cell  and  a  "U"  shaped  test  cell  with  identical  acoustical 

treatments.  The  difference  between  the  SPL  at  the  output  of 

the  exhausts,  for  exanqple,  will  be  of  the  order  of  15  db  In 

the  higher  frequencies.  It  would  seem  reasonable,  then,  to 

assume  that  the  difference  In  noise  reductions  (13  db)  Is 

attributable  to  the  bend  which  Is  the  only  elesient  not 

common  to  both  test  facilities.  However,  If  measurements 

nr 

are  carried  out  In  both  test  cells.  It  will  be  found  that 

the  L  of  the  bend  Is  only  about  3  db.  It  Is  found.  In 
nr 

addition,  that  the  L  of  the  treatment  following  the  bend 

nr 

In  the  "U"  shaped  cell  Is  about  10  db  greater  than  the 

of  the  same  acoustical  treatment  In  the  straight-through 

cell.  Thus  measuring  the  of  the  bend  alone  does  not 

determine  the  entire  acoustical  effect  of  the  bend.  To 

determine  the  total  effect  of  a  bend.  It  Is  necessary  to 

consider  both  the  L_  of  the  bend  and  the  change  In  the  L  . 

nr  nr 

of  another  acoustical  treatment  caused  by  the  bend. 

The  Influence  of  the  bends  on  the  L  _  of  an  acoustical 

nr 

treatment  following  the  bend  Is  but  one  exanqple  of  Inter¬ 
actions  of  acoustical  treatments  with  one  auiother.  These 
Interactions  are  considered  In  more  detail  In  Section  IV. 
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SECTION  III 

SOURCES  OP  ERROR  IN  THE  MEASUREMENT  OP  NOISE  REDUCTION 

In  order  to  evaluate  and  extrapolate  nolee  reduction 
data,  one  must  have  some  understanding  of  the  sources  and 
magnitudes  of  the  errors  that  result  from  experimental  tech¬ 
niques.  Two  types  of  error  are  Investigated  In  this  section. 

The  first  type  of  error  Is  that  caused  by  the  random 
variations,  about  a  mean  value  of  noise  reduction,  that  are 
obtained  If  a  given  type  of  noise  reduction  measurement  Is 
carried  out  several  times.  The  sources  of  these  variations 
are  1)  Instabilities  In  the  data  recording  and  reduction 
systems,  2)  variations  In  source  levels,  and  3)  variations 
of  the  noise  level  In  the  plame  of  the  Input  or  output  of  an 
acoustical  treatment. 

The  second  type  of  error  Is  that  caused  by  differences 
between  measured  values  of  noise  reduction,  as  obtained  with 
different  experimental  conditions  and  techniques.  Por 
example.  If  a  Jet  engine  operating  at  100J(  of  maximum  revolu¬ 
tion  rate  (rpm)  Is  used  as  a  noise  source,  the  value  of  noise 
reduction  obtained  will  not.  In  general,  be  the  same  as  the 
value  of  noise  reduction  obtained  If  the  Jet  engine  operates 
at  55)(  rpm. 

The  sources  of  error  of  the  first  type  are  reviewed  In 
paragraphs.  A  through  C  below,  and  estimates  of  the  magnitude 
of  each  error  are  obtained.  In  paragraphs  D  through  0,  three 
possible  causes  of  the  second  type  of  error  are  investigated. 

In  light  of  the  Information  derived  In  paragraphs  A  through  C. 
The  three  causes  are  differences  In  the  measured  value  of 
noise  reduction  which  result  from:  1)  different  air  flow  rates 
(engine  speed),  2)  different  noise  sources  (jet  engine  vs. 
explosive  source),  and  3)  different  measurement  procedures 
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(Lpr  inethod  vs.  EN-1).  The  entire  analysis  of  errors  Is 
summarized  In  paragraph  H. 

A.  Measurement  System 

Errors  caused  by  the  data  recording  and  reduction 
systems  used  to  obtain  a  large  portion  of  the  data  In  this 
report  are  presented  In  parts  1  and  2  below.  Although  fre¬ 
quency  analyzers  are  part  of  the  data  reduction  system,  a 
separate  section  Is  devoted  to  them  because  errors  arising 
from  the  use  of  frequency  analyzers  are  not  solely  related 
to  the  data  reduction  process. 

1.  Data  Recording  System 

Data  recording  equipment  and  techniques  are  described 
In  References  9  and  10.  The  equipment  used  In  the  data  record¬ 
ing  system,  outlined  In  Fig  2a,  was  to  a  large  extent  commer¬ 
cially  available  equipment  which  was  modified  for  one  or  more 
of  the  following  reasons:  (a)  to  reduce  temperature  dependence 
of  the  sensitivity  of  the  components;  (b)  to  reduce  harmonic 
distortion;  (c)  to  reduce  mlcrophonlcs;  (d)  to  Improve  fre¬ 
quency  response  and  stability;  (e)  to  Increase  slgnal-to-nolse 
ratio. 

The  Input  to  the  data  channel  of  the  tape  recorder  was 
filtered,  as  needed,  to  assure  an  adequate  slgnal-to-nolse 
ratio  over  the  entire  frequency  range  of  Interest.  For 
example,  when  the  recorded  noise  sample  had  large  low  fre¬ 
quency  components  and  small  high  frequency  components,  a  filter 
that  de -emphasized  the  low  frequencies  was  used.  The  gain 
could  then  be  Increased  enough  to  raise  the  high  frequencies 
above  the  electrical  background  without  overloading  the  low 
frequency  signal. 


WADC  TR  58-202(3) 


-17- 


OTHER  RECORDING 
SYSTEMS 

a.)  BLOCK  DIAGRAM  OF  FIELD  RECORDING  SYSTEM. 


b.)  BLOCK  DIAGRAM  OF  LABORATORY  DATA  REDUCTION  SYSTEM. 


FIG.  2  RECORDING  AND  DATA  REDUCTION  SYSTEMS. 
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The  other  channel  of  the  twin-channel  tape  recorders 
was  used  to  record  pertinent  Infomatlon,  such  as  the  micro¬ 
phone  number  and  position,  the  engine  operating  condition, 
attenuation  settings  of  the  recorder,  time  of  day,  etc.  If, 
as  was  frequently  the  case,  more  than  one  recorder  was  used, 
the  Information  channels  of  all  recorders  were  connected  to 
the  same  microphone. 

The  sources  of  error  In  the  data  recording  system  are 
discussed  In  detail  In  Reference  9.  The  major  errors  arise 
from:  1)  the  reciprocity  calibration  of  the  reference  micro¬ 
phone,  2)  the  comparison  calibration  of  the  data  silcrophones 
with  the  reference  microphone,  3)  the  Instability  of  the 
several  components  (with  time  and  with  temperature),  and  4) 
the  variations  In  SPL  from  the  acoustic  calibrators  used  In 
the  field.  Only  variations  about  a  mean  value  are  of  Inter¬ 
est  here.  The  absolute  calibrations  could  be,  for  example, 

10  db  too  high,  with  no  error  In  the  measured  value  of  noise 
reduction. 

The  standard  deviation  of  these  errors  is  about  0.3  db 
for  the  system  described  above^.  That  Is,  If  the  same  acous¬ 
tic  signal  were  recorded  many  tlsws  with  different  microphones, 
recorders,  calibrators,  etc.  the  distribution  of  the  data 
would  lie  within  +  0.3  db  of  the  mean  value  of  all  the  data 
about  10%  of  the  time,  aiiA  within  1.0  db  of  the  mean  value 
about  .95%  of  the  time  (assuming  a  Qausslan  distribution  of 
errorb ) . 

2.  Data  Reduction  System 

This  system  is  described  In  detail  In  Reference  9.  A 
block  diagram  of  the  data  reduction  system  is  shown  In  Pig  2b. 
The  tape-recorded  field  data  are  first  re-recorded  on  a  tape 
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loop.  Each  time  the  tape  loop  completes  a  cycle,  the  fre¬ 
quency  analyzer,  the  attenuators,  and  the  graphic  level  record¬ 
ers  step  simultaneously.  The  "band  correction  attenuator" 
settings  are  determined  from  the  frequency  response  charac¬ 
teristics  of  the  microphones,  recorders,  filters,  and  conqpo- 
nents  of  the  data  reduction  system.  Ihe  400  cps  calibration 
signal  provides  a  reference  point  that  Is  used  In  conjunction 
with  the  band  correction  attenuators  to  obtain  a  plot  of  SPL 
vs.  frequency. 

Errors  In  the  data  reduction  system  are  caused  primarily 
by:  1)  Inaccuracies  In  attepuators,  2)  a  limited  dynastic 
range  of  the  Integrator,  and  3)  the  Instability  of  the  Inte¬ 
grator  between  calibrations.  The  standard  deviation  of  these 
errors  Is  about  0.3  db  for  the  system  described  above^. 

3.  Frequency  Analysis 

The  selection  of  an  appropriate  bandwidth  for  the 
measin’eisent  of  various  noise  spectra  has  been  discussed  by 
Biany  authors^^^^^  Selection  of  «ui  appropriate  bandwidth 
for  the  measurement  of  noise  reduction  presents  different 
problems.  The  measured  noise  reduction  of  an  acous'tlcal 
treatment  depends  not  only  on  Its  transfer  function  (l.e., 
noise  reduction  spectrum),  but  also  on  the  spectrum  of  the 
noise  Input  and  the  bandwidth  of  the  frequency  analyzer.  If 
the  noise  spectrum  and  the  noise  reduction  spectrxim  have  con¬ 
stant  slopes.  It  Is  possible  to  derive  relations  between  the 
noise  reduction  In  a  frequency  band,  the  noise  reduction 
spectrum,  the  bandwidth,  and  the  Input  spectrum.  These  rela¬ 
tions  are  equally  applicable  to  the  calibration  corrections 
that  may  be  applied  to  microphones  and  other  measurement  equlp- 
swnt  In  an  attempt  to  make  their  response  Independent  of  fre¬ 
quency.  In  general,  the  response  cannot  be  corrected  to  be 
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independent  of  frequency  by  use  of  single-number  "band" 
correction  factors. 

For  example,  consider  a  conq>onent  (a  noise  reduction 
element,  a  microphone,  a  tape  recorder,  etc.)  whose  transfer 
function  decreases  at  a  rate  of  18  db/octave  (1/f^).  For 
slnq>llclty,  and  with  no  loss  of  generality,  the  transfer 
function  Is  taken  to  be  equal  to  unity  at  f  •  1  and  Is  there 
fore  1/8  at  f  2.  The  octave  band  transfer  function,  H, 

(a  ratio  of  octave  band  sound  pressure  at  the  Input  to  the 
octave  band  sound  pressure  at  the  output)  can  be  calculated 
by  the  following  expression: 

f  -  2  /  f  »  2 

H  -  \  g(f)  1/f^  df  /  r  g(f)  df  (20) 

f  *  1  /  f  -  1 

where  g(f)  is  the  spectrum  level  of  the  Input. 

If,  for  example,  the  input  SPL  increases  at  a  rate  of 
18  db/octave  on  a  spectrum  level  basis  (21  db/octave  In 
octave  bands),  then  g(f)  **  f^  and  the  octave  band  transfer 
function  H  Is: 

2 

/  df 

H  »  — i -  -  4/15  (21) 

/  f^df 

1 

or  a  12  db  reduction  In  SPL. 

In  the  Input  decreases  at  18  db/octave  on  a  spectrum 
level  basis,  then  g(f)  -  1/f^ 
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RELATIVE  NOISE  REDUCTION  IN  08 


SLOPE  OF  NOISE  REDUCTION  IN  OB/OCTAVE 


FIG.  3  RELATIVE  OCTAVE  BAND  NOISE  REDUCTION  AS 
A  FUNCTION  OF  THE  SLOPE  OF  THE  NOISE  REDUC¬ 
TION  AND  INPUT  SPECTRA. 
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;  i/f3  •  i/f3df 

H  -  ^ -  -  31/60  (22) 

2  « 

/  l/f3df 
1 

or  a  6  db  reduction  In  SPL. 

As  the  elope  of  the  input  Increases  toward  positive 
Infinity,  the  noise  reduction  approaches  the  value  at  fg 
(l8  db).  As  the  slope  decreases  toward  negative  infinity, 
the  noise  reduction  approaches  the  valtie  at  f^  (0  db). 

Obviously,  the  value  of  the  octave  band  noise  reduction 
may  vary  over  a  wide  range  as  the  input  spectrum  varies. 
Figure  3  bas  been  derived  by  carrying  out  the  calculations 
indicated  by  Eq  20,  for  a  wide  range  of  input  and  noise  reduC' 
tlon  slopes.  This  graph  can  be  used  to  find  the  variation 
in  octave  band  noise  reductims  with  variations  in  input 
spectrum  slope.  (The  reference  level  for  the  ordinate, 
relative  noise  reduction,  is  arbitrary  and  unimportant.) 
Certain  conventions  must  be  observed  when  using  Pig  3>  Noise 
spectrum  slopes  are  given  in  tenns  of  the  octave  band  slopes, 
which  are  3  db  greater  than  the  slopes  on  a  spectrum  level 
or  "per-cycle"  basis.  Noise  reduction  is  taken  to  be  a  posi¬ 
tive  quantity,  and  a  noise  reduction  that  increases  with 
frequency  is  said  to  have  a  positive  slope. 

Figure  3  can  be  used  to  solve  two  problems.  The  first 
problem  is  to  find  a  noise  reduction  for  an  arbitrary  input 
spectrum  from  the  noise  reduotlMi  Masxired  with  a  particular 
input  spectrvun.  The  second  problem  is  to  determine  the 
octave  band  noise  reduction  for  a  given  input  speotmim  when 
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the  "per-cycle"  nolae  reduction  la  known.  Theae  problena  can 
be  aolved  If  the  nolae  reduction  apectra  and  the  Input  apectra 
have  alopea  that  are  reasonably  conatant  over  an  octave  band. 

EXAMPLE  1; 

Aaaume  that  the  nolae  reduction  of  an  acouatlcal  treat¬ 
ment  la  meaaured  with  the  use  of  an  octave  band  filter  and 
la  found  to  be  l8  db  under  the  following  conditional  the 
Input  spectrum  slope  la  'l•15  db/octave;  the  slope  of  the  noise 
reduction  la  20  db/octave.  It  la  required  to  find  the  octave 
band  noise  reduction  of  an  Input  that  has  a  slope  of  -9  db/ 
octave. 

Prom  Fig  3f  the  relative  noise  reduction  for  an  Input 
slope  of  •fl5  db/octave  and  a  noise  reduction  slope  of  20  db/ 
octave  la  +2  db.  For  an  Input  spectrum  with  a  slope  of  -9  db/ 
octave,  the  relative  noise  reduction  la  -2  db.  The  difference 
In  relative  noise  reduction  la  thus  4  db.  The  octave  band 
noise  reduction  for  a  -9  db/octave  Input  spectrum  Is  4  db  less 
than  that  for  a  ■t-15  db/octave  Input,  or  l4  db. 

EXAMPLE  2; 

Assume  that  the  noise  reduction  of  an  acoustical  treat¬ 
ment  Is  given  as  a  continuous  function  of  frequency.  Ihe 
noise  reduction  Is  10  db  at  300  cps  and  Increases  at  25  db/ 
octave  to  35  db  at  600  cps.  It  Is  required  to  find  the 
noise  reduction  In  the  300-600  cps  band  for  a  -9  db/octave 
Input  spectrum.  This  problem  can  be  solved  by  resminberlng 
that  the  relative  noise  reduction  at  the  lowest  frequency 
In  the  octave  band  (300  cps)  Is  obtained  from  the  negative 
Infinity  curve. 
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The  relative  nolee  reduction  for  a  >9  db/octave  Input 
apectrum  Is  seen  to  be  about  8.3  db  greater  than  the  noise 
reduction  at  300  cps  (read  up  from  -m  curve  at  A  to  -27  db/ 
octave  curve  at  B  In  Fig  3)*  Thus  the  noise  reduction  In  the 
300-600  cps  band  Is  (10  +  8.3)  18.3  db.*  The  same  result 
could  be  obtained  by  observing  that  the  relative  attenuation 
at  600  cps  Is  obtained  from  the  positive  Infinity  curve. 

A  chart  similar  to  Pig  3  could  also  be  derived  for  one- 
third  octave  band  analysis.  Calculations  show,  for  example, 
that  If  the  slope  of  the  Input  spectrum  Is  varied  from  -30 
db/octave  to  •t>30  db/octave,  the  one-third  octave  band  noise 
reduction  will  vary  less  than  1  db  for  any  noise  reduction 
slope  In  the  range  from  •t-20  db/octave  to  -20  db/octave. 

The  standard  deviation  of  errors  arising  from  the  use 
of  a  one-third  octave  band  filter  Is  estimated  to  be  no  more 
than  0.3  db  for  the  range  of  Input  spectra  and  noise  reduc¬ 
tion  spectra  encountered  In  the  data  contained  In  this  report. 

B.  Variations  In  Noise  Source  Levels 
1.  Jet  Engine 

The  Jet  engine  Is  a  source  of  random  noise.  In  order 
to  analyze  the  noise  data.  It  Is  assumed  ttiat  the  noise 
raullated  from  the  engine  Is  stationary**  In  time.  If  several 
measurements  of  Jet  noise  are  made  with  a  short  sainple  time. 


*  Problems  of  the  type  Illustrated  by  the  second  example 
can  be  more  easily  solved  If  Pig  3  Is  wrought  In  a 
slightly  different  form.  See  Pig  l6  of  Volume  One  of 
this  report. 

**  Briefly,  stationary  Inqplles  that  certain  properties  of 
the  signal  (mean  value,  rms  value,  etc.)  are  Independent 
of  the  time  the  e3q)erlment  Is  started.  See  Reference  13 
for  a  discussion  of  this  point. 
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a  distribution  of  ms  values  Is  obtained.  The  variance  of 
the  rms  values  will  depend  on  the  anqplltude  probability 
function  of  the  signal,  the  bandwidth,  and  on  the  length  of 
the  Integration  time.  In  general,  the  variance  will  decrease 
as  the  reciprocal  of  the  Integration  time  or  bandwidth,  and 
hence  the  standard  deviation  will  decrease  as  the  square  root 
of  the  Integration  time  or  the  bandwidth.  Although  the  aver¬ 
age  value  of  the  rectified  sound  pressure  has  generally  been 
used  rather  than  the  rms  value,  the  above  considerations 
still  apply.  The  variation  In  average  values  from  5-8econd 
samples  (the  shortest  sample- time  used  for  data  presented 
herein)  was  analyzed  for  a  recording  of  noise  In  a  test 
section  of  an  engine  test  cell-^^  with  a  Jet  engine  operating 
at  100^  of  c(mq;>ressor  revolution  rate.  From  this  recording, 
seventeen  different  sanqples,  each  5  seconds  long,  were 
filtered  In  one- third  octave  bands  of  frequency  and  Integrated. 

The  results  of  this  analysis  are  given  In  Fig  4,  which 
shows  the  absolute  variation  of  the  average  SPL  (over  5  seconds) 
of  the  seventeen  samples^^  Fifty  percent  of  the  measured 
values  fall  within  the  shaded  area.  Ninety-five  percent  of 
the  values  fall  below  the  upper  solid  line.  If  the  distri¬ 
bution  Is  normal,  the  standard  deviation*  averaiged  over  all 
frequency  bands  Is  about  0.73  db  (including  the  variations 
due  to  Instabilities,  drift,  etc.,  of  the  entire  data  record¬ 
ing  auid  reduction  system).  Since  the  standard  deviation  of 
errors  In  the  data  recording  and  reduction  systems  Is  of  the 
order  of  0.7  db,  the  standard  deviation  for  the  Jet  engine 
noise  Is  negligible. 


*  The  standard  deviations,  0,  reported  here  are. the  square 
root  of  the  "best  estimate  of  the  variance,  0^,  of  the 
population”,  which  la  slightly  smaller  than  the  best 
estimate  of  the  standard  deviation  of  the  population.  The 
resulting  error  Is  small  (<  Oft)  for  all  sample  sizes  used 
In  this  section;  see  Reference  15. 
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2.  Ejcploaive  Noise  Source 


The  explosive  noise  source  (XNS)  that  was  used  to  obtain 
most  of  the  data  contained  In  this  report  la  a  small  cannon 
which  fires  blank  10>gauge  shotgun  shells-^^.  Since  the 
shells  are  not  Identical  In  composition,  the  SPL's  are  not 
Identical  each  time  a  shot  Is  fired.  The  absolute  deviation 
from  the  siean  value  of  sound  pressure  level  measured  for  18 
shots  Is  given  In  Pig  The  SPL's  were  all  measured  at 

a  fixed  position  relative  to  the  cannon  In  the  test  section 
of  a  Jet  engine  test  cell.  The  spread  of  data  Is  larger 
than  that  for  the  5-second  samples  of  Jet  engines.  If  the 
distribution  Is  normal,  the  standard  deviation  of  the  SPL 
distribution,  averaged  over  frequency.  Is  about  1  db*. 

Since  the  standard  deviation  of  the  errors  In  tne  measure¬ 
ment  and  data  reduction  systems  Is  0.7  db,  the  error 
Introduced  by  the  variation  In  the  average  values  of  SPL 
Is  about  the  sasie  order  of  magnitude  as  the  error  from 
the  data  reduction  system. 

If  "n"  shots  are  averaged  together,  the  standard 
deviation  of  the  distribution  of  mean  SPL  for  "n"  shots 
will  vary  as  1/^  For  example.  If  4  shots  (a  typical 
number  for  the  data  used  in  this  report)  are  averaged  to¬ 
gether,  the  standard  deviation  will  be  about  0.5  db. 

Stated  In  a  store  useful  mamner,  this  Isplles  that  the 
average  value  of  6  shots  will  be  within  0.5  db  of  the 
mean  value  of  a  very  large  number  of  shots  about  8o^  of 
the  tlBie,  and  within  1  db  more  than  95)t  of  the  time. 


*The  standard  deviation  at  60  cps  Is  significantly  higher. 
Sixty  cycle  signals,  like  the  poor,  are  with  us  always. 
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OVER  150  MILLISECONDS  FOR  18  SAMPLES  OF 
EXPLOSIVE  NOISE  SOURCE  MEASUREMENTS 


C .  Variations  In  Nolae  Levels  In  Space 


1.  The  Distribution  of  SPL  In  Space 

A  measurement  of  SPL  at  a  single  microphone  position 
In  the  Input  or  output  plane  of  an  acoustical  treatment  will 
not  serve  to  define  uniquely  the  average  SPL  at  the  Input 
or  the  output.  However,  a  distribution  of  SPL's  can  be 
obtained  by  using  several  microphone  positions  In  a  grid  at 
the  face  of  an  acoustical  tx^atment.  Prom  this  distribution, 
the  space-average  value  of  SPL  and  the  staundard  deviation 
of  SPL's  around  the  space-average  can  be  determined.  The 
standard  deviation  can  then  be  used  to  ascertain  how  many 
microphone  positions  will  be  required  to  obtain  an  average 
SPL  that  will  be  within  X  db  of  the  "true"*  space  average, 

Yjj  of  the  time.  To  determine  the  variation  of  SPL  around 
the  average.  It  Is  assumed  that  there  are  no  Interaction 
effects  between  the  variations  In  space,  the  variations 
In  source  levels,  and  the  variations  Introduced  by  the  data 
recording  and  reduction  systems.  If  the  distribution  Is 

p 

normal,  then  the  total  variance,  Is: 


2  _  2  2 

total  “  space  source 


(23) 


where:  is  the  variance  due  to  spatial  variations 

of  SPL, 

2 

^source  variance  due  to  the  noise  source,  and 


o^  Is  the  variance  due  to  the  measuar«ment  and 

s 

data  x>eductlon  system. 

2 

It  will  be  shown  below  that  Is  much  greater  than 

.2  .  ..2  X 


source 


)  and  therefore  v^^otal  approximately  equal 


to  O' 


space  * 


•The  ’^true"  space  average  refers  to  the  value  which  would  be 
obtained  using  very  long  sasiples  obtained  from  a  very  large 
number  of  measurement  positions. 
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PIQURE  6 
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THU®  OaAVE  lANO  CeNHE*  FREQUENCY  IN  CYCIE$  FER  SECOND 


Tha  distribution  of  SPL  In  space  has  bean  analyzed  for 
two  grids  located  In  different  test  cells.  In  each  case,  4 
cannon  shots  were  recorded  at  each  grid  position  to  obtain 
an  average  SPL  at  that  position  .  In  one  casein/,  there 
were  5  microphones  symmetrically  placed  in  the  grid  (Grid  A), 
and  In  the  other  case^^,  there  were  6  randomly  placed 
microphones  In  the  grid  (Grid  B).  Figure  6  shows  the  data 
obtained  at  Grid  A.  The  lower  portion  of  the  graph  shows 
all  20  datum  points  (4  cannon  shots  at  each  of  the  3  microphone 
positions).  The  variations  In  SPL's  Indicate  that  large 
errors  could  result  from  the  use  of  a  single  cannon  shot  at 
a  single  microphone  position. 

When  the  4  cannon  shots  at  each  position  sire  averaged, 
the  data  shown  In  the  upper  portion  of  Pig  6  are  obtained. 

The  spread  of  SPL  has  been  significantly  reduced  by  averaging 
four  shots,  thereby  decreasing  the  effect  of  source  variations. 
However,  It  can  still  be  seen  that  significant  errors  may 
result  from  the  use  of  any  single  measurement  position,  even 
when  the  sovirce  variations  are  negligible. 

The  average  SPL  at  the  6  microphone  positions  In  Grid  B 
are  shown  In  Pig  7,  The  spread  In  SPL  at  this  grid  Is 
somewhat  greater  than  the  spread  In  SPL  at  Grid  A.  The 
spread  of  SPL  over  a  grid  has  generally  been  found  to  be 
greater  at  locations  farther  from  the  test  section  than 
at  locations  in  or  near  the  test  section.  Grid  A  was 
located  at  the  exit  of  an  eductor  tube  and  was  therefore 
near  the  test  section,  while  Grid  B  was  located  near  the 
outlet  of  an  exhaust  acoustical  treatment  and  was  quite  far 
from  the  test  section.  In  addition,  the  area  of  Grid  B  was 
about  twice  the  area  of  G^xd  A;  some  of  the  larger  spread 
may  be  attributable  to  >nls  larger  size.  Insufficient 
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evidence  has  been  obtained,  as  yet,  to  establish  a  reliable 
correlation  of  SPL  spread  with  area  or  with  distance  from 
the  test  section. 

For  conservative  engineering  practice,  the  data  with 
the  larger  spread  have  been  analyzed  and  used  for  obtaining 
an  estimate  of  error.  The  standard  deviation  of  the  six 
samples  of  SPL  over  Grid  B  as  a  function  of  octave  bands 
of  frequency*  was  found  to  be  about  2.2  db,  which  is  much 
greater  than  variations  Introduced  by  the  source .  If  a 
single  microphone  Is  selected  at  random,  the  measured  SPL 
Is  thus  predicted  to  lie  within  2.2  db  of  the  space  average 
about  705^  of  the  time . 

On  the  average,  about  5  microphone  positions  In  a  grid 
were  used  In  obtaining  the  data  presented  In  this  report. 
Therefore,  the  standard  deviation  was  about  1  db 
Because  the  above  analysis  was  carried  out  for  the  grid  with 
the  greater  spread,  a  standard  deviation  of  somewhat  less 
than  1  db  la  anticipated  In  the  data  which  contains  measure¬ 
ments  made  both  near  and  far  from  the  test  section,  and 
over  grids  with  both  large  and  small  cross  sections. 

2.  Application  of  Symmetry  Condition 

Vfhen  making  measurements  In  the  field,  time  may  be  saved 
by  making  measurements  over  half  of  a  symmetrical  area, 
rather  than  over  the  entire  area.  If  the  noise  source  Is 
also  symmetrical  with  respect  to  the  areas  Involved,  then 
the  noise  field  may  also  be  symmetrical. 


*In  an  attempt  to  use  a  larger  sanqple,  a  mean  and  6  deviations 
from  the  mean  were  fovmd  for  each  one-third  octave  band . 
Eighteen  numbers  (six  positions  times  three  one-third  octaves) 
were  used  to  obtain  the  standard  deviation  In  each  octave 
band . 
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FIGURE  8 
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In  order  to  test  this  assuunptlon,  measurements  were 
made  at  three  corresponding  positions  on  both  the  left  and 
right  sides  of  a  symmetrical  acoustical  treatment .  Figure  8 
shows  the  results  of  these  measurements  at  four  different 
grids  In  the  exhaust  acoustical  treatment  of  an  engine  test 
cell-iS/.  Almost  everywhere,  the  average  value  of  SPL  over 
each  symmetrical  area  lies  within  1  db  of  the  space  average 
SPL  over  the  entire  grid  •  The  average  value  at  each  side 
of  the  grid  Is  the  average  of  only  thi?ee  shots .  As  shown 
In  Section  B  above,  the  difference  between  the  average 
value  of  the  SPL  In  the  two  grids  can  largely  be  attributed 
to  the  variation  In  the  source  levels.  If  two  shots  were 
taken  at  each  grid  position,  the  difference  In  the  average 
value  of  SPL  would  probably  be  negligible. 

Careful  Inspection  of  Pig  8  reveals  that  the  average 
value  for  the  entire  grid  Is  not  always  the  value  that 
would  be  obtained  by  averaging  the  two  symmetrical  areas 
(see,  for  example,  grid  4  at  80  cps).  The  error  Is  caused 
by  the  data  reduction  system.  If  there  were  no  errors  In 
the  data  reduction  system,  the  average  obtained  from  the 
six  shots  would  be  the  same  as  the  average  obtained  from 
the  two  sets  of  three  shots. 

3.  Concluding  Remarks 

If  one  could  find  a  single  grid  position  at  which  the  SPL 
equalled  the  space -average  SPL,  or  was  a  fixed  nvunber  of  db 
above  or  below  the  space-average  SPL,  It  would  be  possible 
to  obtain  the  noise  reduction  simply  by  measuring  the  SPL 
at  that  position  In  two  grids.  The  SPL  at  many  different 
positions  has  been  Investigated  and  no  position  has  been 
found  that  bears  a  unique  relation  to  the  space-average 
SPL.  A  space  aversiglng  technique  Is,  therefore,  essential 
to  obtain  reproducible  data. 
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D .  Total  Error  from  Measurement  System, 
Variations  of  Source  Levels,  and 
Variations  of  Noise  Level  In  Space 


1 .  Calculation  of  Total  Error 

The  total  variance  of  the  distribution  of  all  possible 
values  of  the  space-average  SPL  In  a  grid  la  the  sum  of 
the  variances  of  the  several  sources  of  error.  The  total 
variance,  Is: 


„2  rt2  ^  „2  _2  ^  „2 

®total  =  +  ®2  +  °3  + 


+  Or 


(24) 


2 

In  which:  Is  the  variance  caused  by  the  recording 

system,  0.25  db. 

2 

Og  Is  the  variance  caused  by  the  data  reduction 
system,  0.25  db. 

2 

0^  Is  the  variance  caused  by  1/3  octave  frequency 
analysis,  0.25  db. 

2 

la  the  variance  caused  by  the  spatial  distribution 
of  SPL  In  a  grid,  1.21  db,  for  four  microphone 
positions . 

2 

0^  Is  the  variance  caused  by  the  variation  of 
source  levels,  approximately  zero  db. 


For  a  measurement  of  space  average  SPL  with  an  engine 
as  a  source,  the  total  standard  deviation,  ®total’ 
about  1.5  db  If  5-second  samples  are  taken  at  each  of  four 
microphone  positions.  In  the  several  surveys,  longer  samples 
at  more  positions  were  generally  used,  but  the  above  estimate 
of  ®^Qtal  affected,  since  the  variation  In  source 

level  Is  negligible.  If  the  explosive  source  Is  used  and 
one  shot  la  recorded  at  each  of  four  microphone  positions, 
the  total  standard  deviation  will  also  be  about  1.5  db. 
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The  standard  deviations  given  above  apply  to  the  dlstrl- 
buttons  of  average  SPL's  in  a  grid.  Noise  reductions  are 
obtained  by  subtracting  the  average  SPL  at  the  output  grid 
from  the  average  SPL  at  the  input  grid .  The  variance  of 
the  noise  reduction  is  the  svun  of  the  variance  of  the  average 
SPL  in  each  grid.  The  variance  of  the  output  and  input  grids 
is  assuiiKid  to  be  the  same,  so  that  the  standard  deviation 
is  Just  times  the  standard  deviation  of  average  SPL  In 

a  grid .  The  stamdard  deviation  of  noise  reduction  values 
is,  therefore,  about  2.0  db. 


In  suromairyi  If  a  noise  reduction  measurement  is  made 
using  either  a  five-second  sample  of  engine  noise  or 
one  cannon  shot,’  at  each  of  four  microphone  positions 
in  both  the  input  and.  output  grids,  the  value  of  noise 
reduction  obtained  will  be  within  about  1.3  db  of  the 
true  mey  about  70%  of  the  time,  and  within  3  db 

over  9551  of  the  time.  The  true  mean  value  is  the  average 
value  of  noise  reduction  that  would  be  obtained  from 
a  very  large  number  of  measurements  at  many  different 
microphone  positions. 


2.  Interpretation  of  Differences  between  Measured  Noise 
Reduction  Values 

Suppose  that  the  noise  reduction,  of  two  identical 

acoustical  treatments  is  measured  in  two  Identical  test 
cells,  a  and  b.  The  following  steps  are  repeated  many 
times:  1)  The  noise  reduction  in  Cell  a,  Is  measured; 

2)  the  noise  reduction  in  Cell  b,  L^p^>  is  measured;  and 

3)  is  subtracted  from  The  average  value  of 

will  be  zero,  but  the  standard  deviation  of 

(I^p^  -  will  be  foiind  to  be  VT  times  the  standard 

deviation  of  the  L.„.„  •sl^.  Since  the  standard  deviation 
nr 

for  Ljjj,  la  about  2  db,  the  standard  deviation  of 

is  almost  3  db  if  measured  uixler  conditions  outlined  in  the 

pivvious  paragraph.  If  the  two  acoustical  treatments  in 
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Cell  a  and  Cell  b  are  not  Identical,  the  mean  value  of 

(L _ _  -  L  w)  Is  not  zero,  but  the  standard  deviation  Is 

'  nra  nro' 

still  3  db. 

If  the  standard  deviation  of  the  difference  between 
two  noise  reduction  measurements  is  greater  tnan  3<0  db, 
then  It  must  be  concluded  that  another  source  of  variation 
or  randomness  has  entered  one  or  both  of  the  noise  reduction 
measurements.  In  the  following  sections,  the  mean  values 
and  standard  deviations  of  differences  in  noise  reductions 
measured  with  different  experimental  techniques  are  In¬ 
vestigated  to  determine  the  Influence  of  various  experimental 
techniques  on  the  measured  value  of  noise  reduction. 

E.  The  Influence  of  Air  Plow  on  Noise  Reduction 

The  noise  reduction  of  acoustical  treatments  varies 
with  the  velocity  of  air  flow.  This  variation  has  been 
experimentally  Investigated  recently  by  Meyer,  et .  al^^. 

In  the  evaluation  program,  it  has  not  usually  been  possible 
to  obtain  measurements  of  air  velocity  through  acoustical 
treatments.  The  variation  of  noise  reduction  with  air  flow 
has  been  Investigated  by  an  Indirect  method . 

A  change  In  noise  reduction  with  air  flow  has  been 
obtained  by  measurements  during  engine  operation  near 
Idle  condition  and  at  military  power.  Near  Idle  condition, 
the  range  of  velocity  In  the  Intake  treatments  was  estimated 
to  be  about  15  to  25  ft  per  second.  At  military  power,  the 
range  In  air  velocity  In  the  various  test  cells  was  about 
40  to  60  ft  per  second .  A  comparison  of  these  data,  which 
la  presented  below,  provides  one  measure  of  the  effect  of 
air  flow  on  noise  reduction. 
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Another  measure  of  the  effect  of  air  flow  on  noise 
reduction  has  been  obtained  by  comparing  measurements  made 
at  military  power  with  measui?ements  made  with  the  explosive 
source.  It  is  obvious  that  differences  between  the  noise 
reductions  obtained  using  the  explosive  source  and  those 
obtained  during  engine  operation  could  be  caused  by  factors 
other  than  air  flow.  It  is  Initially  assumed  that  the 
effects  of  other  factors  can  be  neglected  and  that  the 
only  difference  between  measurements  with  the  explosive 
source  and  the  engine  is  the  change  in  air  velocity. 

1.  Effects  of  Plow  in  Intake  Treatments 

a.  Investigation  of  the  Effects  of  Flow  by  Variation 
in  Engine  Speed.  Pour  sets  of  noise  reduction  data 
were  obtained  using  an  engine  at  &nd  at  100^  of  maximum 

compressor  revolution  rate^Si  The  data  were 

all  measured  in  Intake  acoustical  treatments.  It  is 
estimated  that  the  air  velocitiea  at  100^  rpm  were  less 
than  60  ft/sec  and  those  at  55%  less  than  25  ft/sec. 

In  Pig  9,  the  average  value  of  the  difference  and  the 
standard  deviation  of  the  difference  is  given  as  a  function 
of  octave  bands  of  frequency.  As  can  be  seen,  the  at 
555<  rpm  la  less  than  the  at  lOOjt  rpm  in  the  frequency 
range  from  20  to  1200  cps  and  greater  than  the  at  100^ 
rpm  in  the  frequency  range  from  1200  to  10,000  cps.  The 
standard  deviation  varies  from  2  to  4  db.  The  value  of 
the  standard  deviation  averaged  over  the  eight  octave  bands 
is  about  3  The  small  difference  in  the  mean  values 
indicates  that  the  effects  of  flow  are  small  at  least  over 
the  range  of  velocities  encountered. 
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The  Intakes  used  for  these  measurements  each  contained 

about  3  or  4  noise  control  components  (baffles,  bends,  etc). 

Therefore,  If  a  single  component  were  measured,  the  mean 

value  of  the  difference  In  might  be  about  1/4  or  1/3 

of  that  shown,  or  about  1  db .  Since  the  sample  Is  small, 

the  mean  value  of  the  difference  In  L  's  can  be  neglected 

nr 

when  measuring  a  single  acoustical  treatment.  That  is,  no 
significant  difference  will  be  obtained  between  noise 
reductions  measured  at  both  high  and  low  engine  operating 
conditions.  (The  foregoing  conclusion  Is,  of  course,  only 
applicable  for  acoustical  treatments  In  Intakes,  and  for 
air  velocities  less  than  60  ft/sec.) 

b .  Investigation  of  the  Effects  of  Flow  by  Comparison 
of  Data  Obtained  with  the  Explosive  Noise  Source 
and  with  the  Engine  as  a  Noise  Source .  In  order  to 
determine  the  average  difference  between  noise  reduction 
measured  with  the  cannon  and  noise  reduction  measured  with 
the  engine  as  a  source,  noise  reduction  data  from  measurements 
In  eight  Intake  acoustical  treatments  of  six  test  cells 
have  been  analyzed- ^3/.  The  results  of 
this  analysis  au’e  shown  In  Fig  10.  The  bold  points  show 
the  mean  value  of  the  difference,  and  the  vertical  bars 
show  the  sta:idard  deviation,  which  varied  from  2  to  4  db. 

This  graph  Indicates  that,  at  the  low  frequencies,  noise 
reduction  measured  with  the  explosive  noise  sources  Is  some¬ 
what  less  than  that  measured  with  the  engine  as  a  source. 

At  the  high  frequencies,  the  reverse  is  true. 

In  general,  the  mean  value  of  the  differences  and  the 
standard  deviations  are  comparable  to  the  mean  value  and 
standard  deviation  for  differences  between  data  obtained 
St  high  and  low  engine  operating  conditions.  For  Individual 
Intake  acoustical  treatments  It  Is  therefore  concluded  that 
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noise  reduction  data  obtained  with  the  explosive  source  Is 
Just  as  good  an  estimate  of  the  true  mean  value  of  noise 
reduction  as  data  obtained  during  operation  of  the  Jet 
engine  at  100^  rpm.  Again «  the  true  mean  value  of  noise 
reduction  Is  the  average  value  that  would  be  obtained  If  the 
experiment  were  carried  out  many  times  using  the  engine  at 
100^  rpm  as  a  noise  source . 

c .  Sximmary  of  the  Effects  of  Flow  In  Intake  Treatments 
For  the  range  of  velocities  encountered  In  Intake  treatments 
the  effects  of  flow  on  noise  reduction  are  small.  Below 
600  cps,  the  noise  reduction  tends  to  decrease  with  flow 
velocity.  This  result  does  not  contradict  that  obtained 
In  Reference  20.  The  difference  Is  not  unexpected,  as 
different  conditions  prevailed  for  the  data  piesented  here. 
In  particular,  the  direction  of  sound  propagation  relative 
to  the  air  flow  Is  opposite  the  data  presented  In  Reference 
20. 

2 .  The  Effects  of  Plow  In  Exhaust  Acoustical  Treatments 

For  exhaust  acoustical  treatments  It  has  not  been 

possible  to  derive  relations  between  L  's  measured  with 

nr 

the  explosive  source  and  with  Jet  engine,  because  only  one 

set  of  data  Is  available.  These  data  are  shown  In  Fig  11. 

The  explosive  source  data  were  obtained  by  averaging  one 

cannon  shot  at  each  of  six  microphone  positions.  The  engine 

data  were  obtained  from  only  one  microphone  at  the  Input 

grid  and  only  two  microphones  at  the  output  grid .  The  noise 

reduction  obtained  during  engine  operation  was  measured 

three  times,  at  100^,  10%  and  555^  of  maximum  compressor 

revolution  rate.  The  L  ^  curve  shown  In  Pig  11  Is  the 

nr 

average  of  these  three  measurements . 
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In  the  frequency  ranges  from  20  to  400  cps  and  from 
2300  to  8000  cpsj  the  agreement  between  the  two  cxirves 
Is  as  good  as  might  be  expected,  considering  the  small 
number  of  microphone  positions  used.  In  the  frequency  range 
from  400  to  23OO  cps,  microphone  wind  noise  and/or  background 
noise  may  have  Influenced  the  SFL's  measured  at  the  output 
of  the  exhaust  during  the  engine  measurements. 

The  change  In  noise  reduction  with  flow  velocity  for 
this  type  of  treatment  as  reported  by  Meyer,  et.  a.1^^  occurs 
over  a  wider  frequency  range  than  the  change  shown  In  Fig  11. 
In  particular,  the  change  Is  more  significant  at  low 
frequencies.  As  the  lowest  velocity  Investigated  by  Meyer 
was  about  100  ft/sec,  the  data  may  not  be  directly  coiqparable. 
(The  velocity  In  the  exhaust  during  engine  operation  Is  not 
known.)  The  possibilities  suggested  In  the  previous  paragraph 
are  more  probably  the  cause  of  the  change  In  noise  reduction 
shown  In  Fig  11. 

P.  The  Influence  of  the  Noise  Source 
on  Noise  Reduction  Measurements 

In  the  general  case,  one  expects  the  value  of  noise 
reduction  to  depend  upon  the  noise  source.  For  example, 
the  noise  reduction  of  the  simple  system  described  In 
Section  II  would  be  quite  different  If  the  piston  were 
characterized  by  a  constamt  pressure  rather  than  a  constant 
velocity.  In  this  section,  scHne  general  restrictions  oh  the 
use  of  substitute  sources  are  presented .  The  data  from  the 
previous  section  are  used  to  show  that  the  explosive  source 
can  be  used  to  approximate  the  noise  reduction  which  obtains 
during  engine  operation. 
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1.  General  Limitations  on  the  Use  of  a  Substitute  Source 


In  order  that  the  measured  noise  reduction  be  Independent 
of  the  source j  the  substitute  noise  source  must  generate  a 
noise  field  similar  In  certain  respects  to  the  noise  field 
of  the  Jet  engine.  For  example ^  the  distribution  of  sound 
pressure  In  space  must  be  approximately  the  same  for  both 
sources .  The  noise  sources  must  therefore  be  located  In  the 
same  position  In  the  test  cell.  Because  the  source  of  noise 
from  a  Jet  engine  Is  distributed  In  space,  there  may  be 
no  single  appropriate  position  at  which  to  locate  the 
explosive  noise  source .  However,  for  intake  acoustical 
treatments,  the  Jet  engine  noise  source  can  usually  be 
considered  to  be  located  at  the  upstreaun  opening  of  the 
eductor  tube.  For  this  reason,  most  measurements  were  made 
with  the  explosive  noise  source  positioned  near  the  eductor 
tube  opening. 

Measurements  of  noise  reduction  of  the  exhaust  acoustical 
treatments  were  also  made  with  the  cannon  located  near  the 
eductor  tube.  If,  however,  the  exhaust  acoustical  treatments 
are  located  near  the  Jet  engine,  the  effective  location  of 
the  low  frequency  Jet  engine  noise  may  lie  within  the 
acoustical  treatment.  In  such  a  case,  no  SPL  difference 
measurement  of  acoustical  effectiveness  will  provide  a 
useful  Indication  of  acoustical  effectiveness  of  the  exhaust 
treatment .  Only  an  Insertion  loss  measxirement  would  be  the 
useful  way  to  measure  acoustical  effectiveness. 

Certain  noise  reduction  elements,  such  as  exhaust 
diffusers,  reduce  noise  levels  by  modifying  the  acoustic 
power  radiated  from  the  engine.  Obviously,  no  artificial 
source  can  be  used  to  measure  these  effects. 
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2.  Special  Limitations  on  the  Use  of  Substitute  Sources 
In  Acoustical  Treatments  with  Multiple  Inputs 

Certain  acoustical  treatments  have  multiple  Inputs  to 
a  connnon  acoustical  treatment.  Consider,  for  exanqple, 
the  test  cell  shown  In  Fig  12.  The  primary  and  secondary 
air  enter  the  air  Inlet  and  pass  through  a  lined  bend,  a 
lined  duct,  and  auiother  lined  bend.  The  prlmai^y  or  combustion 
air  then  enters  the  test  section,  but  the  secondai*y  or 
cooling  air  passes  around  two  more  bends  and  through  a  lined 
duct  before  entering  the  test  section. 


Using  the  definition  given  In  Section  II,  the  of 
the  total  Intake  system  Is: 


nr 


PWL,  -  PWL 
In 


out 


(25) 


where  Is  the  power  level  of  the  Input  and  la 

the  power  level  at  the  output,  as  determined  from  Eq  (19). 
PWLj^^  Is  the  sum  of  the  PWL  at  the  primary  air  Inlet, 

PWLppj^,  and  the  PWL  at  the  secondary  air  Inlet,  PWL^^^ 
and  Is  found  by: 

PWIi  PWL 

PWLj^^  »  10  logj^Q  [antllog  — +  antllog  — (26) 


If  the  noise  reduction  for  the  primary  air  path  Is  10  db 
and  for  the  secondary  air  Inlet  Is  30  db,  the  PWL  at  the 
output  Is  given  by: 

PWL  .  -  10  db 

P'^Lout  "  ^°®10  ("''=^^08 - 10 - +  antllog 


P'^^sec  -  30  db^ 

- IC - ^ 


(27) 
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FIG.  12  ILLUSTRATION  OF  AN  ACOUSTICAL 
TREATMENT  WITH  TWO  "INPUTS" 


In  the  simple  case  of  a  zero  sound  pressure  at  the  pri¬ 
mary  air  inlet,  the  is  30  db.  In  the  case  of  zero  sound 
pressure  at  the  secondary  air  inlet,  the  is  10  db.  In 
the  case  of  finite  sound  pressures  at  both  inputs,  the  value 

of  L  will  be  greater  than  10  db  and  less  than  30  db.  This 
nr 

can  best  be  seen  by  substituting  various  combinations  of 
power  levels  at  the  primary  and  secondary  air  inlets  and 
carrying  out  the  operations  Indicated  In  Eq  27,  The  table 
below  shows,  for  typical  input  power  levels,  the  resulting 


output  power 

level  and 

the  total  L„^  of 
nr 

the  system. 

sec 

Total  PWL, 

In 

P'^Lout 

Kr, 

nr 

1. 

100 

80 

100 

90  + 

50 

- 

90 

10 

2. 

100 

90 

100.5 

90  + 

60 

m 

90 

10.5 

3. 

100 

100 

103 

90  + 

70 

- 

90 

13 

4. 

100 

110 

110.5 

90  + 

80 

= 

90.5 

20 

5. 

100 

120 

120 

90  + 

90 

a 

93 

27 

6. 

100 

130 

130 

90  + 

100 

- 

100.5 

29.5 

7. 

100 

140 

140 

90  + 

110 

- 

110 

30 

The  L  Is  near  Its  lower  limit  (10  db)  only  when  PWL _ _ 

Is  less  than  or  about  equal  to  As  the  value  of 

PWL  ^  exceeds  PWL  , ,  the  L  „  becomes  greater  than  Its  lower 
sec  prl  nr 

limit  (10  db).  When  the  contribution  at  the  output  of  the 
secondary  air  path  is  equal  to  or  exceeds  the  contribution 
of  the  primary  air  path,  the  L^^,  approaches  Its  upper  limit. 

It  Is  obvious  from  this  simple  example  that  the  noise 
reduction  of  this  Intake  system  will  depend  not  only  on  the 
noise  reduction  of  the  two  air  paths,  but  also  on  the  relative 
magnitudes  of  the  Input  power  levels.  Therefore,  a  substitute 
noise  source  can  be  used  only  If  It  can  be  demonstrated 
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In  Section  V  above,  the  effect  of  air  flow  was  investi¬ 
gated  by  con^aring  noise  reduction  data  obtained  during  engine 
operation  at  maximum  power  with  (1)  noise  reduction  data  ob¬ 
tained  near  Idle  condition  and  with  (2)  noise  reduction  data 
obtained  by  use  of  the  explosive  noise  source.  The  two  sets 
of  differences  In  noise  reduction  are  replotted  In  Fig  13. 

The  data  presented  In  Fig  13  show  that  the  two  methods 
of  Investigating  the  effects  of  flow  on  noise  reduction  yield 
con^arable  results.  Both  methods  show  that  noise  reduction 
decreases  with  Increasing  flow  In  the  low  frequencies,  and 
Increases  with  Increasing  flow  in  the  high  frequencies.  The 
difference  between  the  meeui  values  Is  small  and  Is  well  within 
the  range  of  experimental  error.  The  data  also  show  that  the 
differences  between  data  obtained  with  the  engine  at  100^  rpm 
and  with  the  explosive  source  are  quite  small.  The  changes 
In  which  do  occur  are  In  the  same  direction  as  the 
differences  which  occur  between  data  obtained  at  55$^  &nd  100$( 
rpm  during  engine  operation.  It  Is  concluded  that: 

1.  The  noise  reduction  obtained  with  the  explosive 
source  provides  a  good  approximation  to  the  noise 
reduction  obtained  with  the  engine  operating  at 
100^  rpm, 

2.  Differences  In  measured  with  the  explosive 
source  and  with  the  engine  as  a  source  are  probably 
attributable  to  the  effects  of  air  flow. 
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Q.  The  Influence  of  Measurement  Procedures 


In  this  section  the  noise  reduction  obtained  by  the 

L  „  method  Is  compared  with  the  noise  reduction  obtained 
nr 

by  other  measurement  procedures. 

1.  Comparison  of  EN-1  Difference  with 

The  EN-1  difference  methods  of  evaluating  acoustical 
treatments  are  presented  In  an  Aircraft  Industries  Associa¬ 
tion  report,  "Uniform  Practices  for  the  Measurement  of 
Aircraft  Noise". The  EN-1  evaluations  are  presented  for 
many  configurations  of  engine  test  cells  and  ground  run-up 
suppressors.  The  EN-1  evaluation  prescribed  for  the  exhaust 
acoustical  treatment  of  Jet  engine  test  cells  has  been  used 
frequently  as  a  measure  of  acoustical  effectiveness  of  the 
noise  control  components  In  engine  test  cells,  and  on  occa¬ 
sion  to  describe  the  general  acoustical  effectiveness  of 
test  cells.  The  other  EN-1  differences  do  not  appear  to  be 
widely  used. 

In  this  section,  the  EN-1  difference  method  of  evalua¬ 
ting  exhaust  acoustical  treatments  Is  reviewed  In  the  light 
of  data  obtained  from  many  evaluations  of  the  acoustical 
performance  of  noise  control  components  In  Jet  engine  test 
cells.  It  Is  found  that: 

1.  EN-1  differences  may  either  Increase  or  decrease 
with  engine  operating  condition. 

2.  With  a  fixed  engine  operating  condition,  different 
values  of  EN-1  differences  may  be  obtained  because 
the  EN-1  microphone  positions  are  not  uniquely 
defined. 

3.  Within  broad  limits,  the  L  „  of  an  exhaust 

nr 
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acoustical  treatment  can  be  predicted  from 
EN-1  measurements. 

a.  Definition  of  EN-1  Difference.  The  EN-1  difference 
measure  of  acoustical  effectiveness  Is  defined  as  the  differ¬ 
ence  between  the  SPL  at  the  engine  EN-1  microphone  and  that 
at  the  exhaust  EN-1  microphone. 

The  engine  EN-1  microphone  Is  located  as  follows^^^ : 

"The  microphone  should  be  located  In  a  plane 
perpendicular  to  the  engine  axis  and  at  a  dis¬ 
tance  of  two  nozzle  exit  dleuneters  aft  from  the 
rear  of  the  engine  and  radially  two  nozzle  exit 
diameters  from  the  engine  centerline.  No  measure¬ 
ment  should  be  made  at  a  distance  of  less  than 
3  ft  from  the  nozzle  center." 

The  exhaust  EN-1  microphone  position  Is  located  as 
follows^^ : 

"The  microphone  should  be  located  In  a  plane 
perpendicular  to  the  axis  of  the  soundproofing 
exit  (referred  to  as  the  emitter)  at  a  distance 
of  one  emitter  diameter  from  the  emitter  plsuie 
and  at  a  radius  of  one  emitter  diameter  from  the 
emitter  centerline.  Measurements  should  not  be 
made  at  a  distance  less  than  14  ft  or  more  than  30 
ft  from  the  center  of  the  emitter.  (The  'esiltter 
diameter*  of  an  elliptical  or  rectangular  opening 
shall  be  the  minor  dlisenslon. )" 

b.  Variation  of  EN-1  Differences  with  Exhaust 
Microphone  Position.  As  can  be  seen  from  the 
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definition,  the  EN-1  microphone  poaltlone  are  not  uniquely 
defined  points,  but  a  locus  of  points  on  a  circle.  Since 
the  sound  field  at  the  Jet  engine  Is  axially  symmetrical, 
the  microphone  position  on  the  EN-1  engine  circle  Is 
probably  not  a  significant  variable.  However,  the  sound 
field  around  the  exhaust  of  an  acoustical  treatment  Is,  In 
general,  not  axially  symmetrical.  It  Is  to  be  expected, 
therefore,  that  different  values  of  SPL  may  be  measured  at 
different  positions  on  the  EN-1  exhaust  circle.  Figure  l4 
shows  EN-1  differences  measured  at  two  EN-1  exhaust  posi¬ 
tions  of  a  test  cell  with  an  engine  operating  at  military 
(dry)  power-^^.  A  single  EN-1  engine  position  was  used. 

The  two  EN-1  exhaust  positions  are  shown  In  the  sketch  on 
Fig  14.  As  can  be  seen,  the  EN-1  differences  obtained  are 
significantly  different.*  In  the  first  three  bands,  the  noise 
reduction  as  measured  by  the  EN-IA  position  Is  higher  than 
that  at  the  EN-IB  position.  The  reverse  Is  true  at  all 
higher  frequencies. 

c.  EN-1  Differences  as  a  Function  of  Engine  Operating 
Condition.  Two  sets  of  data  which  show  typical 
variation  of  the  EN-1  difference  as  a  function  of  engine 
operating  conditions  are  presented  in  Figs  13  and  l6.  In 
one  cell^^,  as  shown  In  Fig  15,  the  EN-1  differences 
Increased  as  a  function  of  engine  operating  condition,  and 
In  the  other  cell^2/^  given  In  Fig  16,  they  decreased 
as  a  function  of  engine  operating  condition.  It  Is  obvious 
from  the  graphs  that  a  wide  range  of  EN-1  differences  can  be 
obtained  by  varying  the  engine  operating  conditions. 


*  At  both  EN-1  positions  a  noise  sample  1  minute  long  was 
averaged  to  eliminate  source  variations. 
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d.  Derivation  of  a  Relationship  between  EN-1  Differences 

and  Direct  comparisons  of  EN-1*  and  L  ^  measure- 

nr  nr 

ments  generally  show  EN-1  differences  to  be  greater  than  Lj,r'8* 
with  the  difference  between  the  two  Increasing  with  frequency. 
In  the  following  paragraphs  the  general  form  of  a  relation 
between  EN-1  differences  and  L^j,,g  derived.  This  relation 
shows  that  the  EN-1  difference  depends  on  the  of  the 
acoustical  treatments  In  the  exhaust,  the  difference  between 
the  near  field  SPL  and  the  PVfL  of  the  engine,  the  directivity 
of  the  exhaust  outlet,  emd  the  size  of  the  exhaust  gas  outlet. 
The  constants  in  the  derived  relationship  are  evaluated  by 
use  of  EN-1  differences  and  “easured  in  seven  Jet  engine 

test  cells.  This  relationship  can  be  used  to  obtain  an 
approximation  to  the  of  the  acoustic  treatments**  from 
the  EN-1  measurements. 


If  It  Is  assumed  that  there  Is  a  fixed  relationship 
between  the  octave  band  SPL  at  the  EN-1  engine  position 
(SPL  )  and  the  free  field  power  level  (PWL)  of  the  engine, 
thens 

=  PWL  -  X  (28) 

eng 

where  X  Is  derived  empirically***  and  la  a  function  of  frequency. 


*  All  EN-1  data  which  have  been  compared  with  Lnr  data  In 
the  section  below  were  obtained  at  1005^  of  meixlmum  com¬ 
pressor  revolution  rate  (no  afterburner). 

**  It  should  be  pointed  out  that  the  EN-1  measurement  tech¬ 
nique  and  the  Lnr  derived  from  It,  measures  the  total 
effectiveness  of  all  of  the  component  treatments  In  the 
exhaust  system.  The  effects  of  bends  will  also  be  Included 
In  the  measurements.  Therefore,  the  EN-1  method  Is  In 
no  sense  a  measurement  of  the  acoustical  effectiveness  of 
a  single  noise  control  component. 

**♦  Although  It  Is  not  relevant  to  this  argument,  the  value 
of  X  has  been  found  to  be  about  22  db  for  the  difference 
between  overall  sound  pressure  and  power  level.  However, 

X  varies  as  a  function  of  frequency  since  the  spectrum 
at  the  EN-1  position  Is  different  from  the  far  field 
power  level  spectrum. 
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may 


The  SPL  at  the  exhaust  stack  EN-1  position,  SPL^^, 
be  written  as  follows: 

^^’^xh  “  ^  -  \r  ■  -  DI  -  Y  (29) 


where 

k  «  a  constant  which  lies  between  0.3  &nd  1.0 

depending  upon  whether  the  radiation  from  the 
exhaust  stack  can  be  considered  hemispherical  or 
spherical. 

r  -  the  "emitter  diameter"  In  ft  as  defined  above. 

Y  «»  a  measure  of  the  difference  between  the  overall 
power  level  and  the  power  level  In  an  octave 
band,  and  Is  therefore  a  function  of  frequency. 

DI  «  the  near  field  directivity  Index  at  the  EN-1 
exhaust  stack  position  (see  Section  VI).  If 
spherical  divergence  obtains  between  the  exhaust 
stack  and  the  EN-1  "sphere",  then  DI  measures 
the  ratio  of  the  SPL  at  the  EN-1  position  to  the 
average  SPL  over  the  sphere  or  hemisphere  of 
radius  r. 

Subtracting  one  equation  from  the  other: 

Sfl'eng  -  -  ‘■nr  +  <’'-*)  +  ^  “'‘"•^30) 

If  Y,  X  and  DI  are  assumed  to  be  constants,  then  Equation  30 
can  be  written: 

Lnr  -  EN-1  difference  -  A  -  20  logj^Q  (r/10)*  (31) 

*  For  convenience  the  emitter  diameter  has  been  normalized  to 
10  ft.  The  last  term  in  Equation  31  Is  ^ro  for  r  ■  10  ft. 
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The  qusmtlty^  "k",  was  evaluated  In  the  following  way: 
First j  the  measured  using  the  explosive  source  was 
shifted  In  frequency  to  account  for  the  change  In  wavelength 
at  a  given  frequency  resulting  from  the  difference  In  the 
ambient  (exhaust  gas)  temperature  under  which  the  measure¬ 
ments  were  made.  Next,  the  EN-1  differences  In  one-third 
octave  bands  of  frequency  were  subtracted  from  the  and 
the  average  value  of  the  differences  was  computed  for  each 
octave  band.  Ihe  quantity,  (-A)  was  obtained  by  adding 
20  log^Q  (r/10). 

This  procedure  was  carried  out  for  eight  EN-1  differ¬ 
ences  obtained  during  operation  of  a  Jet  engine  at  lOOjt  rpm 
In  seven  test  cells^^'  The  mean  value 

and  the  standard  deviations  were  determined  from  these 
calculations. 

The  empirical  correction  factor  A  Is  plotted  In  Pig  17 
as  a  function  of  one-third  octave  bands  of  frequency.  The 
calculated  means  and  the  standard  deviation  of  the  measure¬ 
ments  are  also  shown.  The  standard  deviation  for  A  varies 
from  3  db  to  7  db.  The  average  value  over  eight  octave  bemds 
is  4.5  db.  This  large  standard  deviation  Implies  that  sources 

of  error  other  than  the  measurement  of  L  .  are  present  and 

nr 

that  the  noise  reduction,  L _ ,  of  exhaust  treatments  cannot 

nr 

be  predicted  very  reliably  from  EK-1  measurements. 

Some  possible  sources  of  errors  which  cause  the  large 
standard  deviation  are: 

1.  X,  the  difference  between  the  SPL  at  the  EN-1 
engine  position  to  the  far  field  PVL  may  differ 
somewhat  for  each  type  of  jet  engine. 
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2.  DI  nay  vary  on  the  EN-1  exhaust  ”clrcle"  of 
any  test  cell  and  nay  be  different  for  each 
test  cell. 

3.  Y,  which  neasures  spectrum  shape,  may  be  slightly 
different  for  each  engine. 

2.  Comparison  of  Insertion  Loss  with  L _ 

_ nr 

On  one  occasion.  It  was  possible  to  obtain  Insertion 
loss  measurements.  Measurements  were  made  In  two  engine 
test  cells  which  were  Identical,  except  that  one  contained 
no  acoustical  treatment.*  Sound  pressure  level  measure¬ 
ments  were  made  at  the  exhaust  of  the  treated  cell,  at  the 
exhaust  of  the  untreated  cell  and  at  the  Input  to  the 
acoustical  treatment  In  the  exhaust  of  the  treated  cell. 
These  data  were  used  to  obtain  the  Insertion  loss  and  the 

L  ^  of  the  exhaust  acoustical  treatment.  At  the  lower 
nr 

frequencies,  the  Insertion  loss  noise  reduction  Is  about 

10  db  greater  than  the  L  as  Is  shown  In  Pig  l8.  At  the 

nr 

high  frequencies,  there  are  only  small  differences  between 
the  two  noise  reduction  curves.  It  Is  very  Improbable  that 
the  large  (10  db)  difference  can  be  accounted  for  by  random 
experimental  error  as  a  grid  of  nine  microphone  positions 
was  used  to  obtain  all  average  SPL's. 

These  measurements  are  consistent  with  the  arguments 
presented  In  Section  II,  which  show  that  Insertion  loss  Is 
generally  not  equal  to  L 

nr 


H.  Sxjumnary 

The  errors  In  the  measu]?ements  of  L  arise  from 

nr 

(1)  Instability  In  the  data  recording  and  reduction  system. 


*  Bolt  Ber-ne!c  Newman  Inc  date  obtained  at  the  O'e  Turbine  Laboratories, 
Thompson  Products,  F'^’lnesville,  Ohio. 
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(2)  variations  In  noise  levels  which  result  from  the  use 
of  small  sajnples  to  determine  the  average  value  of  SPL  at 
a  point  and,  (3)  variations  in  the  space  average  value  of 
SPL  at  the  input  and  output  of  the  acoustical  treatments. 

For  the  data  presented  in  this  report,  the  standard  deviation 
of  noise  reduction  values  is  about  2.0  db. 

Analysis  of  several  sets  of  data  indicate  that  the 
true  mean  value  of  the  noise  reduction  of  a  single  acoustical 
treatment  can  be  approximated  equally  well  using  data 
obtained  with  (l)  the  explosive  noise  source,  (2)  a  Jet 
engine  at  555^  rpm  and,  (3)  a  Jet  engine  at  lOOjt  rpm  as 
noise  sources. 

EN-1  differences  can  be  used  to  obtain  an  approximation 

to  the  noise  reduction,  L  ,  of  an  exhaust  acoustical 

ni* 

treatment.  The  large  standaixl  deviation  of  the  difference 

between  L  and  EN-1  differences  indicates  that  the  prediction 
nr 

of  from  EN-1  differences  in  any  one  test  cell  may  result 
in  large  errors. 


WADC  TR  58-202(3) 


-65- 


SECTION  IV 


NOISE  REDUCTION  BY  IMPERVIOUS  BARRIERS 

In  the  Air  Force  program,  transmission  loss  data  have 
been  obtained  for  several  types  of  wall  structures.  Some 
of  these  data  are  presented  in  this  section.  Data  obtained 
for  single-leaf  structures  Indicate  that  the  random  Incidence 
mass  provides  a  reasonable  estimate  of  transmission 

loss  for  the  structures  which  have  been  encountered. 

Data  obtained  for  double  wall  structures  are  found  to 
be  about  equal  to  the  value  predicted  by  normal  incidence 
mass  law  for  a  single  wall  of  the  same  total  mass.  The 
data  obtained  from  the  several  surveys  show  conclusively 
that  the  Increase  in  transmission  loss  predlcted^^  for 
double  wall  structures  is  not  obtained.  The  primary  cause 
for  the  poor  performance  of  double  wall  structures  can 
usually  be  identified  as  various  flanking  paths. 

Typical  results  obtained  fr<Mn  several  surveys  for  both 
double  and  single  wall  structures  will  be  presented  in  the 
following  paragraphs. 

A.  Calculation  of  Transmission  Loss 

Measurements  of  noise  reduction  were  made  dxiring  the 
acoustical  surveys.  The  rsuxlom  incidence  transmission  loss 
has  been  calculated  from  the  noise  reduction  measurements 
by  use  of  the  following  formula^ : 

1 

TL  -  NR  +  10  log^^Q  (32) 

where  NR  «  difference  in  SPL  in  decibels  on  the  two  sides 
of  the  wall,  deteimlned  by  measuring  the  SPL 
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on  the  primary  side  with  a  microphone  that  Is 
moved  around  In  the  reverberant  sound  field, 
and  then  subtracting  the  SPL  measured  with  a 
microphone  that  Is  moved  around  In  a  region  that 
Is  fairly  near  the  s\irface  on  the  secondary  side. 

TL  >  10  times  the  logarithm  to  the  base  10  of  the 
ratio  of  the  sound  energy  Incident  on  the  wall 
to  the  sound  energy  transmitted  through  the 
wall. 

-  area  of  the  transmitting  wall  either  In  square 
meters  or  In  square  feet . 

R  ■  room  constant  for  the  receiving  room  «  [So/(l  -  5)], 
where  S  Is  the  total  area  of  the  surfaces  of  the 
room  on  the  secondary  side  and  a  Is  the  average 
absorption  coefficient  for  the  receiving  room. 

S  must  have  the  same  dimensions  as  S^. 

The  transmission  loss  depends  upon  the  angle  of  Incidence 
of  the  sound  waves  In  the  source  room.  If  the  noise  field 
In  the  source  room  Is  diffuse,  the  measured  value  of 
transmission  loss  should  be  approximately  equal  to  the 
"random  Incidence  mass  law"  value.  In  general,  the  source 
room  for  the  measurements  reported  here  was  the  test  section 
of  a  Jet  engine  test  cell.  The  noise  field  In  the  test 
section  Is  probably  not  diffuse.  A  discussion  of  the 
characteristics  of  the  noise  field  In  the  test  section  Is 
given  below. 

A  section  and  elevation  of  a  typical  test  section  and 
control  room  are  shown  In  Pig  19.  The  side  walls,  celling 
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FIG.  19  PLAN  AND  SECTION  AT  THE  TEST 
SECTION  OF  A  TYPICAL  TEST  CELL. 
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and  floors  are  usually  concrete .  The  forward  end  of  the 
test  section  Is  usually  faced  with  several  Inches  of  glass 
fiber  material,  covered  with  a  perforated  metal.  Thus, 
the  sound  waves  that  propagate  In  a  direction  normal  to 
the  side  walls  will  Interact  with  very  little  acoustical 
treatment.  Furthermore,  they  will  be  at  or  near  grazing 
Incidence  to  the  acoustical  material  with  which  they 
Interact.  For  these  two  reasons,  these  waves  will  not  be 
significantly  damped. 

On  the  other  hand,  the  sound  waves  that  are  normal  to 
the  front  and  rear  walls,  or  normal  to  the  floor  and 
celling,  may  be  highly  damped  because  of  the  presence 
of  the  acoustically  treated  end  wall,  the  air  Inlets  and 
the  eductor  tube.  The  distribution  of  acoustic  energy 
impinging  on  the  side  walls,  therefore.  Is  not  random. 
Instead,  there  will  be  more  energy  at  or  near  normal 
Incidence  than  at  or  near  grazing  Incidence.  The  measured 
values  of  transmission  loss  should  lie  between  the  normal 
Incidence  mass  law  values  and  random  Incidence  mass  law 
values. 

It  should  also  be  noted  that  the  calculation  of  trans¬ 
mission  loss  from  noise  reduction  data  Is  particularly 
difficult  for  frequencies  below  about  100  cps.  The  noise 
field  in  the  receiving  room  Is  not  diffuse  (an  assumption 
on  which  Eq  32  is  based),  and  in  addition,  the  absorption 
coefficients  of  acoustical  materials  are  not  well  known. 
Therefore,  significant  errors  (of  the  order  of  5  to  10  db) 
are  possible  In  the  calculation  of  transmission  loss  below 
100  cps. 
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1 .  Walls 


B.  Single-Layer  Partitions 


Measurements  of  noise  reduction  were  obtained  for  two 
single-layer  walls  which  were  not  penetrated  by  doors  or 
wlndows^Si-Jii/.  Both  walls  separated  the  test  section  of 
one  cell  from  the  test  section  of  an  adjacent  cell.  The 
walls  were  12  In.  thick  and  roughly  15  ft  high  and  40  ft 
long.  The  transmission  loss  of  both  walls  Is  plotted  In 
Fig  20.  The  measured  value  of  transmission  loss  Is  generally 
lower  than  normal  Incidence  mass  law  would  Indicate,  except 
In  the  40  to  80  cps  range.  At  about  80  to  100  cps,  there 
Is  a  distinct  dip  In  the  transmission  loss,  probably  owing 
to  wave  coincidence,  which  can  occur  for  these  walls  above 
60  cps.  Above  this  critical  frequency^ the  transmission 
loss  Is  much  lower  than  the  normal  Incidence  mass  law  value, 
atxl  Is  slightly  greater  than  would  be  predicted  from  tiie 
ramdom  Incidence  mass  law.  The  transmission  loss  of  both 
walls  appears  to  be  limited  by  flanking  paths  at  about 
65  to  70  db. 

The  transmission  loss  estimated  for  rauxlom  Incidence 
conditions  Including  the  effects  of  coincidence  Is  also 
shown  In  Fig  20^.  The  calculated  transmission  loss  Is 
significantly  lower  than  the  measured  value,  and  In  addition, 
the  calculated  frequency  for  the  coincidence  dip  Is  lower 
than  the  measured  value  by  almost  an  octave.  Both  of  these 
differences  can  be  attributed  to  the  "non-random"  sound 
field  In  the  test  section,  as  discussed  In  Section  A  above. 
However,  these  data  Indicate  that  random  Incidence  mass 
law  will  provide  a  realistic  estimate  of  tremsmlsslon  loss 
for  similar  walls  as  used  In  the  test  sections  of  test  cells. 
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FIGURE  20 
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2.  Doors 


In  this  section^  the  transmission  loss  of  both  single 
and  double  layer  doors  are  presented .  The  double  doors 
Included  here  wei^e  mounted  In  a  common  structure  which 
provided  a  mechanical  connection  between  the  two  doors. 

Because  of  the  mechanical  connection,  the  double  doors 
are  expected  to  behave  as  single  layer  partitions,  at  least 
In  the  low  frequency  bands. 

The  transmission  loss  characteristics  of  doors  are 
more  difficult  to  predict  than  those  of  single  walls .  The 
doors  are  usually  constructed  of  several  layers  of  different 
types  of  materials.  The  bending  wavelength  In  each  of  the 
materials  Is  different,  so  It  Is  difficult  to  calculate  the 
critical  frequency  of  the  multiple  structure.  Furthermore, 
the  size  of  the  door  Is  usually  comparable  to  the  bending 
wavelength  over  a  wide  frequency  range.  In  order  to  calculate 
the  resonant  frequencies  of  the  door.  It  Is  necessary  to 
know  the  forces  and  moments  at  the  door  frames.  Furthermore, 
It  Is  difficult  to  devise  seals  at  the  perimeter  of  the  door 
which  transmit  less  noise  energy  than  the  door  Itself. 

The  tremsmlsslon  loss  of  two  typical  doors  Is  shown  In 
Fig  21 .  Door  was  well  sealed .  In  general,  the 
transmission  loss  shown  lies  between  the  random  Incidence 
and  normal  Incidence  value.  In  the  low  frequencies,  the 
transmission  loss  Is  somewhat  less  than  random  Incidence 
mass  law.  The  rapid  rise  In  TL  at  these  low  frequencies 
suggests  a  resonant  phenomenon  not  anticipated  from  mass 
law  considerations  or  from  coincidence  effects. 

Door  was  a  double  door  with  an  air  space  about  2  ft  deep 
separating  the  two  doors  which  were  mounted  In  a  steel  and 
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»VUALL  20 


concrete  frame  which  structurally  and  acoustically  linked  the 
two.  The  transmission  loss  of  the  double  doors  is  significantly 
greater  than  the  single  door  above  l600  cps«  Above  1600  cps, 
the  transmission  loss  of  Door  A  is  probably  limited  by  acoustical 
leaks  at  the  door  seals.  Door  B  has  two  seals  which  are  in 
"series"  and  which  are  more  effective  than  a  single  seal.  The 
transmission  loss  of  Door  B  is,  therefore,  not  limited  by 
acoustical  leaks  at  high  frequencies. 

In  the  low  and  middle  frequencies  the  transmission  loss  of 
Door  B  la  generally  less  than  the  transmlcslon  loss  of  Door  A. 

The  main  advantage  gained  by  use  of  a  double  wall  structure. 

In  this  case  Is  an  Improved  seal  between  the  door  and  its 
frame.  The  Importance  of  a  good  seal  Is  illustrated  by  the 
transmission  loss  curve  In  Pig  22.  The  figure  shows  the 
noise  reduction  of  a  set  of  double  doors-^^,  which  were 
sealed  by  evacuating  the  space  between  them  with  a  small 
air  pump.  With  the  air  pump  operating  and  the  doors  sealed, 
the  transmission  loss  is  about  15  to  25  db  higher  than  when 
the  door  is  not  sealed. 

In  summary,  the  transmission  loss  of  test  cell  doors 
may  be  severely  limited  by  the  lack  of  adequate  seals  at 
the  perimeter.  Purthermoi?e,  the  transmission  loss  may  be 
significantly  decreased  In  some  frequency  ranges  by  mechanical 
resonances  of  the  door.  Because  these  resonances  are 
difficult  to  calculate,  an  accurate  determination  of  trans¬ 
mission  loss  should  be  obtained  by  direct  measiirement . 

C.  Double  Layer  Partitions 

The  noise  reductions  of  about  8  double  wall  structures 
were  measured  during  the  several  acoustical  surveys.  The 
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double  walls  wei*e  all  of  similar  construction.  In  general, 
the  wall  near  the  noise  source  was  a  one  ft  thick  reinforced 
concrete  structure,  penetrated  by  one  or  two  multi-pane 
windows.  The  Inner  wall  was  made  of  concrete  block,  which 
varied  In  thickness  from  4  to  12  In.  The  air  space  between 
the  walls  was  usually  4  In.  The  double  wall  structure  always 
separated  the  control  room  from  the  test  section  of  the  test 
cell.  On  most  occasions.  It  was  possible  to  ascertain  by 
ineasvirements  that  noise  was  transmitted  to  the  control  room 
primarily  by  flanking  paths.  The  flanking  paths  were  either 
poorly  sealed  doors,  or  windows,  or  ducts  carrying  Instznimentatlon 
cables  from  the  engine  to  the  control  room.  In  a  few  cases, 
there  were  no  obvious  flanking  paths  that  could  be  determined 
by  measurement,  or  by  ear. 

A  typical  transmission  loss  curve  Is  given  In  Pig  23^2/ . 

This  double  wall  stz*ucture  consisted  of  a  12  Inch  concrete 
wall,  a  one  Inch  air  space  and  a  4  Inch  concrete  block  wall. 

As  the  figure  Indicates,  the  value  of  noise  reduction  obtained 
Is  somewhat  less  than  random  Incidence  mass  law  for  a  single 
12  Inch  concrete  wall.  Indicating  that  the  two  stz*uctures 
were  probably  mechanically  tied  together. 

The  transmission  loss  values  for  3  double  walls  that 
did  not  exhibit  readl^  observable  flanking  paths  are  shown 
In  Pig  24.  Walls  and  consisted  of  a  12  Inch 

concrete  wall,  a  4  Inch  air  space  and  an  8  Inch  concrete 
block  wall.  Wall  oil/  was  of  similar  construction,  but  the 
concrete  block  was  12  In.  thick  rather  them  8  In.  Both 
walls  A  and  B  show  transmission  losses  greater  than  random 
Incidence  mass  law*  In  the  frequency  range  below  800  cps. 

Above  800  cps,  the  transmission  loss  appears  to  be  limited 
by  flanking  paths  at  about  70  db.  Wall  C,  on  the  other 
hand,  shows  a  transmission  loss  much  greater  than  rauxlom 


^Por  a  single  wall  of  the  same  total  weight. 
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Incidence  mass  law*  In  the  lower  frequencies .  Wall  C 
Is  also  limited  at  about  65  to  70  db  by  flanking  paths. 

Three  observations  can  be  made  about  these  data.  First j 
conventional  designs  and  construction  techniques  for  double 
walls  do  not  provide  transmission  losses  greater  than  70  db. 
Second >  the  upper  limit  on  transmission  loss  Is  probably 
due  to  flanking  paths.  These  paths  Include  the  ground 
which  supports  the  double  wall  structure  and  further  study 
of  the  transmission  characteristics  of  soil  Is  Indicated . 
Third,  the  various  theories  presented  to  date  for  double 
wall  structures  do  not  yield  realistic  estimates  of  the 
transmission  properties  of  double  walls  encountered  In  test 
cells.  A  theory  must  be  developed  which  considers  the 
stiffness  of  the  walls  as  well  as  their  mass. 

It  Is  not  to  be  Inferred  from  these  remarks  that  It  Is 
not  possible  to  build  a  double  wall  that  has  much  greater 
transmission  loss  than  a  single  wall  of  equivalent  weight. 
Figure  25,  for  exsimple,  shows  the  measuz*ed  transmission  loss 
of  a  double  wall  structure  which  separated  two  broadcast 
studlos^^.  The  wall  consisted  of  two  4-1/2  In.  thick  brick 
walls  which  were  plastered  on  one  side.  The  air  space 
between  the  walls  was  12  In.  There  were  no  direct  mechemlcal 
connections  between  the  two  studios .  Both  studios  are 
supported  on  rubber  mounts  In  order  to  minimize  structural 
flanking  paths. 

The  transmission  loss  for  the  double  wall  structure  Is 
considerably  greater  than  the  normal  Incidence  mass  law 
value  for  a  single  wall  of  the  same  total  weight .  At  the 

•For  a  single  wall  of  the  same  total  weight . 


WADC  TR  58-202(3) 


-79- 


KX) 


. . . I  I  1 1  I 

20  40  60  80100  200  400  600  1000  2000  4000  6000  lOpOO  20^0 

FREQUENCY  IN  CYCLES  PER  SECOND 


FIG.  25  TRANSMISSION  LOSS  FOR  A  DOUBLE  WALL  STRUCTURE. 
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highest  frequency  reported,  about  900  cps,  the  noise  reduction 
of  the  double  wall  is  about  25  db  greater  than  the  normal 
Incidence  mass  law  value. 

The  primary  problem  in  achieving  high  sound  isolation 
with  double  walls  is  provision  for  adequate  structural  isolation 
between  the  two  layers.  Some  typical  details  for  good  isolation 
are  given  in  Section  IV  of  Volume  Two  of  this  series. 
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SECTION  V 

NOISE  REDUCTION  OP  NOISE  CONTROL 
COMPONENTS  FOR  AIR  PASSAGES 


A.  General  Discussion 

The  reduction  of  noise  through  air  passages  Is  accomplished 
by  three  types  of  conq>onents:  lined  ducts,  bends,  and  resonators. 
A  lined  duct  has  a  perimeter  which  Is  covered  with  some  form 
of  absorptive  acoustical  material.  For  discussion  purposes, 
parallel  baiffles  can  be  considered  as  ducts  with  two  sides 
lined  and  a  rectangular  cross-section.  A  bend  may  either 
be  a  change  In  direction  of  the  air  passage  Itself,  or  a  change 
In  direction  of  air  flow  caused  by  special  design  of  a  noise 
control  coDQ>onent.  Resonators,  which  are  effective  over  a 
narrow  frequency  band,  use  combinations  of  acoustically  massive 
and  resilient  conqponents  to  effect  noise  reduction  by  reflection 
back  towards  the  source.  Under  the  USAF  program  of  acoustical 
evaluations,  measurements  were  made  only  for  lined  ducts,  bends, 
and  baffles.  No  resonator  structures  were  encountered,  and 
hence,  no  data  are  presented  for  resonators. 


The  noise  reduction  of  lined  ducts  was  discussed  by 
Sabine^,  who  showed  that  for  low  frequencies  the  total  energy 
loss  through  a  duct  should  be  proportional  to  the  ratio  of 
the  perimeter  to  the  cross-sectional  az*ea,  and  to  a  small 
power  of  the  absorption  coefficient  of  the  lining.  Morse^/ 
derived  the  noise  reduction  for  ducts  by  determining  a  solution 
for  the  wave  equation  which  was  applicable  over  a  wider  frequency 
range.  Creme r^S/  has  pz*esented  Norse's  results  In  a  slightly 
different  and  more  useful  form,  so  that  fewer  calculations  are 
required . 


The  results  of  Morse's  and  Cremer's  work  are  applicable 
only  to  certain  propagation  oondltlons.  For  exan«>le,  eaeh  of 
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these  theories  deals  only  with  the  noise  reduction  of  Infinitely 
long  systems.  Neither  considers  the  reflection  of  sound 
power  back  towaurd  the  source,  caused  by  the  change  In  Impedance 
at  the  Input  to  the  duct .  In  addition,  neither  considers 
the  possibility  of  the  reflection  of  sound  power  back  Into 
the  lined  duct  caused  by  the  change  In  Impedance  at  the  outlet 
of  the  duct .  The  effect  of  the  scattering  of  sound  at  the 
Input  to  a  lined  duct  was  not  considered  by  Norse  and  Cremer, 
but  Young'^i^  has  Investigated  this  effect  for  one  duct  geometry. 

Although  Morse  Indicates  that  his  results  could  be 
generalized  to  Include  the  noise  reduction  for  sound  waves 
with  a  periodic  distribution  of  pressure  across  the  duct 
(higher  order  of  modes),  he  presents  results  only  for  plane 
waves*  £uid  the  first  higher  order  mode.  Cremer  and  Morse 
assume  that  the  normal  acoustic  Inqpedance  of  the  duct  wall 
Is  known  and  that  the  normal  liqpedance  Is  a  point**  function. 

It  Is  usually  necessary  to  measure  the  acoustic  Inqpedance  of 
the  duct  lining,  because  small  errors  In  the  value  of  Impedance 
may  cause  large  errors  In  the  estimation  of  noise  reduction. 
Existing  methods  for  calculating  Impedance  of  a  typical 
lining  encountered  In  test  cells  from  the  physical  properties 
are  not  ]:*ellable  enough  to  be  used  for  predicting  the  Impedance 
with  the  accuracy  required . 


*In  an  actual  duct,  a  truly  plane  wave  does  not  exist.  Because 
energy  flows  Into  the  boundary  of  the  duct,  the  wave  front  Is 
Inclined  toward  the  side  walls. 

**Thls  assumption  requires  that  there  Is  no  coupling  between 
points  of  the  absorbing  material  and,  hence,  no  flextiral 
wave  propagation  In  the  acoustical  material.  This  assvunptlon 
Is  generally  accepted  although,  to  the  author's  knowledge, 
experimental  Investigations  of  the  validity  of  the 
assvunptlon  have  begun  only  recently  (in  Gottingen). 
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Parallel  baffles,  idilch  usually  do  not  have  a  septum 
dividing  them,  present  additional  troubles.  The  effective 
normal  liig>edance  of  such  a  baffle  depends  upon  the  sound 
pressvire  distribution  on  either  side  of  the  baffle.  In  turn, 
the  pressure  distribution  depends  on  the  Impedance  of  the 
baffle.  Therefore,  a  simultaneous  solution  to  two  or  more 
wave  equations  may  be  required. 

The  usefulness  of  theories  presented  to  date  Is 
therefore  seriously  limited  because  they  relate  to  conditions 
that  are  not  obtained  In  test  cells.  The  differences  between 
the  results  obtained  from  the  present  analysis  and  the  theory 
are  attributable  to  the  effects  of  finite  length,  and  to 
the  differences  between  the  attenuation  for  the  first  order 
mode  and  the  attenuation  for  higher  order  modes. 

1.  A  Qualitative  Analysis  of  the  Molse  Reduction  of  Ducts 
and  Baffles 

Some  of  the  differences  between  noise  reduction  for  plane 
waves  aixl  noise  reduction  for  higher  order  waves  can  be 
estimated  quantitatively  by  considering  how  noise  reduction 
may  vary  with  angle  of  Incidence  at  high  frequencies  (those 
for  which  the  wavelength  of  sound  is  much  smaller  than  the 
width  of  the  duct  or  baffle )t  Consider,  for  example,  the 
parallel  baffle  structure  sketched  In  Fig  26. 

The  baffle  Is  2t  In  width,  and  has  a  thin  heavy  septum 
In  the  center.  The  on-center  spacing  of  the  baffles  Is  D, 
the  height  Is  H  and  the  length  ^  L.  The  open  spacing 
between  the  baffles,  D',  Is  equal  to  (D  -  2t).  A  sound 
wave  traveling  parallel  to  plane  B  and  entering  at  an  oblique 
angle,  e,  must  travel  a  distance  (l/cos  e)  times  farther 
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(LOOKING  AT  PLANE  A) 

FIG.  26  GEOMETRY  AND  NOMENCLATURE  FOR 
A  PARALLEL  BAFFLE  STRUCTURE. 
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than  the  wave  entering  at  normal  incidence  (e  -0).  For  example. 
If  the  noise  reduction  for  a  length,  L,  were  10  db,  then  the 
noise  reduction  for  waves  at  45°  would  be  about  14  db.  For 
waves  at  60°,  the  noise  reduction  would  be  20  db.  As  the 
angle  of  Incidence  approaches  90°,  the  noise  reduction 
approaches  Infinity.  If  the  distribution  of  the  Incident 
sound  waves,  f(e),  were  known.  It  would  be  possible  to  obtain 
the  noise  reduction  for  any  f(e)  as  follows: 


Output/Input 


-+90'^ 

^  f (e)dp 


e  m  -90 


(33) 


where  g(o)  is  the  ratio  of  the  output  to  Input  for  each  angle  e, 
which  equals  g(0°)cos  e, 

g(0°)  Is  the  ratio  of  sound  pressure  at  the  Input  to 

sound  pressure  at  the  output  for  normal  Incidence 
waves . 


It  Is  assumed  here  that  any  end  effects  resulting  from 
reflection  back  toward  the  source  are  negligible  or  that  they 
are  small  compared  to  g(0°). 

Now  consider  waves  moving  parallel  to  plane  A  of  Fig  26. 

A  sound  wave  entering  at  an  oblique  angle  ^  Is  reflected  from 
one  baffle  and  then  the  other  until  It  leaves  the  baffle  at  the 
angle  ^  or  The  number  of  reflections,  n.  Is  approximately: 

n  -  X  tan  ^  (34) 

The  noise  reduction  of  the  baffle  Is  [1  -  where 

n  Is  tan  As  ^  approaches  90°,  the  noise  reduction 
approaches  Infinity.  As  fi  approaches  0°,  the  noise  reduction 
approaches  zero  because  the  frequency  Is  assumed  to  be  high 
enough  so  that  the  duct  Is  many  wavelengths  wide,  and  there 
is  little  Interaction  with  the  sound  absorbing  boundaries. 
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The  noise  reduction  for  waves  at  an  angle  of  incidence  i 
is  generally  greater  than  the  noise  reduction  for  waves 
at  an  angle  of  incidence  e.  Stated  in  another  manner ^  for 
values  of  a(o)  encountered  in  test  cells,  the  noise  reduction 
for  waves  with  components  perpendicular  to  the  baffle  is 
greater  than  the  noise  reduction  for  waves  parallel  to  the 
baffle.  Thus  the  noise  field  at  the  output  of  baffles  will 
contain  fewer  higher  order  modes  in  a  plane  perpendicular 
to  the  baffle  tham  in  the  plane  parallel  to  the  baffle. 

In  the  low  frequencies,  a  similar  result  is  obtained 
because  higher  order  mode  propagation  can  occur  only  for 
frequencies  at  which  the  boundaries  of  the  duct  au*®  separated 
by  a  distance  greater  than  the  wavelength  of  sound.  At 
lower  frequencies,  where  the  wavelength  is  large,  higher 
order  modes  decay  even  with  no  acoustical  treatment  on  the 
perimeter.  If  H  is  greater  than  D',  as  is  usually  the  case, 
higher  order  modes  at  any  frequency  will  la  propagated  with 
less  attenuation  in  plane  A  them  in  pleme  B. 

In  a  test  facility,  the  sound  waves  will  not  be  parallel 
to  either  pleme  A  or  plane  B.  The  noise  reduction  for  these 
cases,  however,  will  be  simlleLr  in  certain  respects  to  either 
of  the  cases  described  above.  In  peurtlcular,  the  sound  waves 
at  any  emgle  of  incidence  other  than  normal  are  expected  to 
be  attenuated  more  rapidly  than  the  sound  waves  at  normal 
incidence . 

2 .  Some  Implications  of  the  Dependence  of  Noise  Reduction 
on  Angle  of  Incidence 

Assume,  for  example,  that  the  noise  reduction  for  a 
parallel  baffle  structure  is  4  db  per  foot  for  sound  waves 
incident  at  90°  to  70°  from  normal,  3  dh  per  foot  for  waves 
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FIG.  27  SOUND  INTENSITY  AS  A  FUNCTION  OF  DISTANCE  INTO  A  PARALLEL  BAFFLE  STRUCTURE 


between  50°  and  70°,  2  db  per  foot  for  waves  between  30°  and 
50°,  and  one  db  per  foot  for  waves  from  0°  to  30°.  Furthermore, 
let  the  relative  intensity  level  In  each  of  these  angular 
remges  be  100,  95,  90  and  80  db  respectively,  at  the  Input . 

The  total  sound  Intensity  at  any  point  In  this  structure  Is 
obtained  by  a  summation  of  the  sound  energy  from  0°  to  90°. 

Figure  27  shows  the  sound  energy  In  each  angular  range  as 
a  function  of  distance  Into  the  structure.  At  the  Input  the 
total  relative  sound  energy  Is  about  102  db  and  the  major 
contribution  comes  from  the  energy  In  the  70°  to  90°  region. 

At  a  distance  of  10  ft  into  the  structure,  the  level  Is 
about  83  db,  with  approximately  equal  contributions  from  the 
30°  to  50°  and  0°  to  30°  angular  regions. 

The  noise  reduction  per  unit  distance  (the  slope  of  the 
curve)  varies  considerably  as  a  function  of  length  Into  the 
treatment.  In  the  first  one  foot  of  distance  from  the  entrance, 
the  noise  reduction  Is  about  6  db/ft.  From  10  ft  to  11  ft, 
the  noise  reduction  Is  about  1-1/2  db/ft.  At  20  ft,  the  noise 
reduction  Is  1  db/ft. 

A  value  of  noise  reduction  per  ft  obtained  from  a 
measurement  from  the  Input  to  the  output  Is  not  the  same 
as  the  slope  of  the  curve.  For  example,  a  measurement  of  noise 
reduction  of  10  ft  of  this  treatment  would  show  a  noise  reduction 
of  102-73  =  29  db  or  2.9  db/ft  which  Is  almost  twice  the  slope 
of  the  curve  at  10  ft!  Even  at  the  distance  of  20  ft,  where 
the  remaining  energy  Is  almost  entirely  In  the  0  -  30°  range, 
the  measured  noise  reduction  from  0  to  20  ft  would  be  2.1  db/ft 
rather  than  1.0  db/ft,  which  Is  the  slope  of  the  curve  at  20  ft. 
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By  varying  the  relative  sound  energies  In  the  several  angular 
regions,  and  by  varying  the  noise  reduction  values  In  each  range, 
one  can  obtain  different  distances  at  which  the  noise  reduction 
slope  becomes  constant.  The  values  of  noise  reduction  and 
relative  sound  energy  for  this  example  were  selected  to  Illustrate 
this  point.  However,  the  results  are  similar  to  those  measured 
In  the  field,  as  demonstrated  by  the  examples  which  follow. 

3.  Selected  Examples  from  Field  Heasuremepts 

In  one  acoustical  survey  under  the  Air  Force  program,  the 
variation  of  SPL  with  distance  Into  the  treatment  was  Inves¬ 
tigated.  The  SPL  was  measured  at  several  intervals  In  a 
square  (8*  x  8')  lined  duct.  The  acoustical  lining  consisted 
of  about  6  In.  of  glass  fiber  blanket  enclosed  In  perforated 
metal  and  backed  with  a  two  foot  air  space.  The  SPL's  at 
the  various  measurement  positions  are  shown  In  Pig  28.  A 
single  microphone  position  was  located  In  the  center  of  the 
duct  at  each  4  ft  Interval,  and  data  were  recorded  during 
two  shots  from  the  explosive  noise  source.  The  SPL  at  each 
position  Is  plotted  relative  to  Its  value  at  the  Input.  In 
the  300  to  600  cps  band,  the  noise  reduction  In  the  first 
4  ft  Is  about  8  db  or  2  db/ft.  If  this  value  were  used  for 
the  noise  reduction  per  foot,  the  total  noise  reduction  for 
20  ft  of  acoustical  treatment  would  be  40  db.  As  can  be 
seen,  however,  the  total  noise  reduction  In  the  300-600  cps 
band  Is  only  about  23  db. 

For  longer  or  shorter  treatments,  from  about  10  to  perhaps 
30  ft,  the  noise  reduction  In  the  300-6OO  cps  band  could  be 
ejqpressed  as  8  -f  3/4  i  (the  solid  line  on  Fig  28).  This 
formula  would  predict  a  noise  reduction  of  30  db  for  a  40  ft 
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DISTANCE  INTO  DUCT  IN  FEET 


FIG.  28  FIELD  MEASUREMENTS  OF  SOUND  PRESSURE 
LEVELS  IN  A  LINED  DUCT. 
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treatment .  If  one  measures  only  the  SPL' s  at  0  ft  and  at  22  ft 
and  concluded  the  noise  reduction  per  foot  for  this  treatment 
was  25/22  lb  per  foot,  then  the  noise  reduction  of  40  ft  of  this 
treatment  would  be  predicted  to  be  46  db.  If  the  value  of  noise 
reduction  in  db  per  foot  (with  no  added  constant)  Is  used  to 
predict  the  noise  reduction  of  a  similar  duct  less  than  20  ft 
long,  the  noise  reduction  will  be  always  too  low  (see  dashed 
line  on  Fig  28). 

Data  measured  under  this  program  of  acoustical  surveys 
are  not  the  only  data  which  clearly  show  that  noise  reduction 
per  unit  length  varies  with  length.  7or  examtple,  an  Interesting 
article  by  Pltzroy-2^/  in  the  Journal  of  the  Acoustical  Society 
of  America  In  1943  showed  a  similar  result.  Pltzroy  nude 
measurements  with  a  pure  tone  at  2-1/2  ft  Intervals  through 
20  ft  of  several  different  types  of  acoustical  treatments. 

His  Interpretation  of  the  data  Is  Interesting.  Having  found 
that  the  noise  reduction  per  unit  distance  Is  relatively 
large  In  the  first  few  feet  of  the  treatments,  and  then  reaches 
a  smaller  constant  value,  he  concludes  "each  cell  (noise  reduction 
component)  reach(es)  Its  maximum  practical  reduction  beyond 
which  the  reduction  Is  relatively  small."  This  Is  another 
way  of  stating  that  the  slope  of  the  SPL  vs.  distance  curve 
becomes  constant. 

Another  Interesting  series  of  experiments  was  carried 
out  under  the  Materiel  Command  of  the  Army  Air  Force  In  late 
1943  and  early  1944.-^^  Experiments  somewhat  different  from 
those  described  for  the  8  ft  by  8  ft  lined  duct  were  carried  out 
for  parallel  baffles  about  3-1/2  In.  thick  and  16  In.  on 
centers.  The  baffles  consisted  of  three  6-ft  sections  which 
were  Installed,  section  by  section,  to  obtain  measurements  of 
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6  ft,  12  ft  and  18  ft  baffles.  A  space  averaging  technique 
similar  to  that  described  In  Section  III  was  used  for  all 
measurements.  Sixteen  measurement  positions  were  used  In  each 
grid.  The  noise  reduction  for  each  length  was  measured  at 
six  frequencies  with  a  warble  tone  which  varied  +  30  cps  at 
frequencies  below  1300  cps,  and  +  90  cps  at  higher  frequencies, 
In  each  test,  six  frequencies  were  used:  150,  300,  600,  1200, 
2400  and  4,000  cps.  Although  the  measurement  equipment  may 
not  have  been  as  stable  as  the  system  described  In  Chapter  III, 
the  error  Is  probably  smaller  than  the  data  obtained  with 
the  system  described  In  Section  III.  The  source  (a  loudspeaker) 
was  more  stable  than  an  engine  or  an  explosive  source,  and 
l6  microphone  positions  were  used. 


Figure  29  contains  the  data  presented  In  Appendix  2  of 
Ref.  33.  Clearly,  the  noise  reduction  per  unit  length  Is  not 
a  constant.  For  example,  at  600  cps,  frr  the  first  6  ft  of 
baffles  the  noise  reduction  is  22  db  or  3.8  db  per  ft.  From 
6  ft  to  12  ft  the  noise  reduction  Is  14  db  or  2.3  db  per  ft. 

From  12  to  l8  ft  the  noise  reduction  Is  13  db  or  2.2  db  per  ft. 

This  noise  reduction  for  any  length  can  be  expressed  as  (9  +  2.3  ■*) 

db,  at  least  In  the  range  from  6  to  l8  ft.  This  formula  for 
noise  reduction  will  more  reliably  predict  the  noise  reduction 
for  any  length  than  would  the  product  of  I  and  a  db-per-ft 
value  of  noise  reduction. 


Hlrschorn^'^ also  describes  an  experiment  for  which  he 
encountered  a  variation  of  noise  reduction  per  unit  length 
with  Increasing  length.  His  data  show  a  slightly  different 
variation  of  noise  reduction  with  length  than  is  shown  In 
other  experiments,  but  the  results  also  bear  out  the  argu¬ 
ments  presented  above. 
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LENGTH  OF  BAFFLE  IN  FT  LENGTH  OF  BAFFLE  IN  FT 

FIG.  29  NOISE  REDUCTION  VS  LENGTH  FOR  3^ IN.  THICK 
PARALLEL  BAFFLES  SPACED  ON  16  IN.  CENTERS 


4.  Suimnary 

1.  The  noise  reduction  per  unit  distance  does  not 
adequately  describe  the  noise  reduction  characteristics 
of  baffles  and  ducts,  except  for  a  plane  wave  travelling 
parallel  to  the  axis  of  the  duct  or  baffle.  For  other 
Inputs,  with  sound  energy  at  several  angles  of  Incidence 
to  the  duct,  the  slope  of  an  SPL  vs.  length  curve 
varies  with  length.  Hence,  noise  reduction  per  unit 
length  Is  a  fxinctlon  of  length.  The  noise  reduction 
per  unit  length  approaches  a  constant  value  which 
should  be  the  value  obtained  for  plane  waves.  As  a 
result,  1%  Is  possible  to  express  the  noise  reduction 
for  a  length  I,  of  the  treatment  as  (a  -i-  b  t)  db, 
where  a  Is  the  Intercept  of  the  "linearized"  SPL 

vs.  i  curve  at  i  =  o,  and  b  Is  the  slope  of  the  same 
curve.  Obviously,  there  Is  no  noise  reduction  for 
1=0  and  there  Is  a  value  of  i,  below  which  the 
expression  (a  -f  b  1)  Is  not  valid.  This  value  of 
"f"  can  be  determined  from  the  SPL  vs.  distance  curve. 

2.  As  demonstrated  by  several  examples,  a  noise  reduction 
of  the  form  bf  (a  -  o),  determined  from  measurements  at 
the  Input  and  at  the  output  of  a  finite  length, 

of  the  treatment  will  always  yield  a  noise  reduction 

which  Is  too  large  for  lengths  of  treatment  greater 

than  1.  and  too  low  for  lengths  less  than  t  . 
o  o 

3.  The  values  of  a  will  depend  both  on  the  particular 
treatment  Involved  and  on  the  distribution  of  the  Incident 
sound  energy  as  a  function  of  smgle  of  Incidence .  Since 

b  should  be  equal  to  the  noise  reduction  for  plane  waves 
parallel  to  the  axis  of  the  duct  or  baffle,  b  should  not 
depend  upon  the  input.  Furthermore,  b  should  approximate 
the  value  predicted  by  Morse  and  Cremer. 
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B.  Noise  Reduction  by  Thin  Parallel  Baffles 

In  the  acoustical  surveys  carried  out  under  the  Air  Force 
program,  only  two  general  classes  of  parallel  baffles  were 
encountered:  (1)  thin  baffles,  usually  about  4  In.  thick, 
spaced  12  In.  on  centers;  and  (2)  thick  baffles,  between  2-1/2 
and  4  ft  thick,  spaced  6  to  8  ft  on  centers.  No  baffles  of 
Intermediate  dimensions  were  encoxintered .  The  noise  induction 
characteristics  of  the  thin  baffles  are  analyzed  In  this  section. 
The  noise  reduction  characteristics  of  thick  baffles  are 
analyzed  In  Section  C. 

1.  Method  of  Analysis 

The  noise  reduction  characteristics  of  similar  types  of 
baffles,  with  similar  types  of  noise  Input  distribution,  have 
been  plotted  as  a  function  of  length  In  order  to  find  the 
constants  a  and  b  In  the  expression  for  noise  reduction  of  a 
length  i: 

L  “  a  +  b  1 

since  the  noise  reduction  depends  upon  the  angle  of  Incidence 
of  the  sound  waves  at  the  Input  to  a  treatment,  the  analysis 
Is  first  carried  out  for  those  treatments  with  noise  Inputs 
which  have  similar  noise  distribution  with  respect  to  angle  of 
Incidence. 

The  estimation  of  the  distribution  of  noise  with  respect 
to  the  angle  of  Incidence  is  difficult.  In  general,  one  might 
expect  that  the  Input  would  be: 

1.  Random  near  the  test  section; 

2.  Somewhat  biased  Just  beyond  a  bend 
because  cf  the  higher  order  modes  In 
certain  directions; 
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3*  Also  somewhat  biased  If  the  Input  to  the  baffles 
Is  preceeded  by  other  baffles  which  are  oriented 
so  that  the  planes  of  the  two  sets  of  baffles  are 
parallel  and; 

4.  Nearly  plane  If  the  Input  Is  preceeded  by  a  long 
acoustical  treatment,  such  as  a  duct  which  would 
suppress  all  the  higher  order  modes. 

Not  enough  data  are  available  to  Investigate  each  class 
of  Input,  (l)  -  (4)  above,  separately.  However,  only  In  case 
(4)  should  the  noise  Input  be  nearly  plane.  This  case  Is 
therefore  not  Included  In  the  Initial  analysis. 

2.  Analysis 

The  data  Included  In  the  Initial  analysis  were  all  derived 
from  measurements  of  the  noise  reduction  of  similar  parallel 
baffles.  The  parallel  baffles  Included  In  this  section  were 
all  4  In.  thick  and  spaced  12  In.  on  center.  The  baffles  were 
covered  with  a  perforated  metal  facing  which  enclosed  about 
4  In.  of  4-1/4  Ib/cu  ft  PP  or  TWP  Plberglas.  The  open  area 
of  the  facings  varied  from  about  20  to  355^. 

The  noise  reduction,  L  for  about  ten  sets  of  4  In.  thick 

nr 

parallel  baffles  spaced  12  In.  on  centers  has  been  measured 
under  the  Air  Poece  Program.  Six  of  these  baffles  are  Included 
In  a  general  class  having  more  or  less  "random"  Inputs:  two*  4 
ft  long,-^^  and  one  one  one  10^/  and  one  12  ft  long 


*  These  data  have  been  averaged  to  obtain  a  single  for 
4  ft  baffle. 
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FIG.  30  NOISE  REDUCTION  AS  A  FUNCTION  OF  LENGTH  FOR 
4  IN.  THICK  BAFFLES  SPACED  ON  12  IN.  CENTERS 


To  analyze  these  data,  the  one-third  octave  band  data  were  averaged 
to  obtain  the  octave  band  noise  reduction  for  a  -t-B  db/octave 
Input  slope  (see  Section  III).  The  noise  reductions  for  each 
octave  band  were  then  plotted  as  a  function  of  the  length  of 
the  baffle.  These  data  are  presented  In  Fig  30* 

In  the  20  to  73  cps  band,  the  noise  reduction  appears  to  be 
nearly  Independent  of  length,  and  Is  on  the  average  about  3  db. 

The  3  db  noise  reduction  may  result  from  reflection  of  energo^ 
towards  the  noise  source  because  of  the  chsmge  In  cross-section 
at  the  Input  and  output  of  the  baffles.  Apparently,  there  is 
essentially  no  loss  of  energy  as  the  wave  propagates  through 
the  structure.  The  3  db  noise  reduction  appears  to  be 
significant;  that  Is,  It  probably  does  not  result  from 
measurement  error.  The  probability  Is  less  than  3%  that 
the  average  value  of  six  measurements  of  noise  reduction 
would  be  3  db  If  the  true  mean  value  were  0  db. 

The  data  In  the  73  to  130  cps  band  cannot  be  approximated 
very  well  with  a  straight  line.  Apparently,  the  noise  reduction 
per  unit  length  varies  considerably  with  length  In  the  range 
from  3  to  6  ft.  The  slope  does  not  appear  to  approach 
a  constant  value  vintll  some  length  beyond  6  ft.  The  noise 
reduction  In  the  range  from  3  to  10  ft  can  be  approximated 
by; 

Lnr  “  2  +  0.45  i 

where:  i  Is  the  length  of  the  baffle  In  ft. 

As  frequency  Increases,  the  approximation  of  noise  reduction 
with  a  straight  line  appears  to  become  better,  at  least  for 
lengths  from  4  ft  to  12  ft .  The  noise  reduction  for  these 
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baffles  Is  given  In  the  table  below.  The  values  given  should 
not  be  applied  for  lengths  less  than  4  ft. 


NOISE  REDUCTION  OP  4  IN.  THICK  PARALLEL  BAFFLES,  SPACED 
12  IN.  ON  CENTERS  FOR  RANDOM  INCIDENCE  NOISE  FIELD 


Octave  Bands  of  Frequency 


T 

20 

75 

150 

300 

600 

1200 

2400 

4,800 

^nr 

75 

150 

300 

600 

1200 

2400 

4800 

10,000 

a  db 

3 

2 

3 

8 

14 

12 

11 

11 

b  db/ft 

0 

0.45 

CM 

• 

2.5 

3.1 

2.3 

2.3 

0.8 

The  noise  reduction  for  one-third  octave  bands  of  frequency 
has  been  derived  from  the  octave  band  data.  Extrapolation  be¬ 
tween  the  octave  band  points  has  been  accomplished  with  reler- 
ence  to  the  original  data.  The  derived  values  of  noise  reduction 
are  given  In  Pig  31. 

3.  Comparison  of  Measured  and  Derived  Values  of  Noise  Red,uctlon 

Pour  sets  of  noise  reduction  data  are  presented  In  Fig  32. 
The  measured  value  of  noise  reduction  for  4  ft  long  baffles 
Is  conqpared  with  the  derived  value  of  noise  reduction.  The 
measured  value  of  noise  reduction  Is  as  much  as  3  (ib  greater 
than  the  derived  value  In  the  first  octave  band  and  4  db 
greater  In  the  last  octave  band.  In  the  rapge  between  the 
first  and  last  octave  bands  the  difference  between  the  two 
curves  Is  generally  leas  than  3  db. 

On  the  other  hand,  the  measured  noise  reduction  for  the  12 
ft  baffles  Is  about  3  to  5  db  too  low  in  the  first  octave  band. 

In  the  last  octave  band  the  derived  noise  reduction  Is  about 
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FIG  33  NOMENCLATURE  AND  A  PLAN  AND 
SECTION  FOR  A  TYPICAL  BEND 
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4-6  db  too  high.  In  other  octave  bands  the  differences  are 
generally  less  than  3  db. 


If  the  derived  values  of  noise  reduction  were  equal  to  the 
true  mean  value  of  noise  reduction,  errors  of  the  order  of 
2  db  would  be  anticipated  from  the  considerations  in  Chapter 
III.  Tjherefore,  the  errors  are  generally  no  larger  than  those 
expected  in  a  statistical  sense. 


4.  Influence  of  Baffle  Orientation  on  Noise  Reduction 

The  noise  reduction  of  baffles  depends  on  the  orientation 
of  the  baffles  with  respect  to  bends.  Figure  33  illustrates 
the  nomenclature  used  here  for  describing  the  orientation 
of  baffle  with  respect  to  bends.  Almost  all  baffles  encountered 
in  test  cells  were  parallel  to  plane  A.*  Such  baffles  were 
Included  in  the  data  shown  in  Pig  30  However,  in  one  engine 
test  and  in  one  wind  tunnel, **  the  parallel  baffles 

beyond  a  bend  were  oriented  normal  to  plane  A  in  Pig  33- 
The  noise  reduction  characteristics  of  these  two  baffles 
were  significantly  different  from  the  noise  reduction  of 
equivalent  baffles  which  were  parallel  to  plane  A. 


The  measured  noise  reduction  of  a  set  of  8  ft  long  parallel 
baffles^  normal  to  plane  A  is  given  in  Fig  34  along  with  the 
noise  reduction  of  8  ft  long  bal'fles  which  were  parallel  to 
plane  B.  Below  200  cps  the  noise  reductions  are  comparable. 


*  This  orientation  is  dictated  primarily  by  aerodynamic  considerations. 

*•  jfrivate  communication  from  W.  J.  Gialloway.  Data  obtained  from  wind 
tunnel  at  Convair,  £'n  Diego. 
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Prom  200  to  l600  ops  the  noise  reduction  of  the  baffles 
which  are  normal  to  plane  A  is  significantly  lower  than  the 
noise  reduction  of  the  other  baffles.  Above  l600  cps  the 
noise  reduction  of  the  baffles  normal  to  plane  A  is  3  to  7 
db  greater  than  the  noise  reduction  of  the  other  baffles. 

Similar  results  are  shown  in  Fig  35  for  two  sets  of  6 
ft  baffles.  The  noise  reduction  was  measured  in  octave  bands 
of  frequency  *  ;  the  values  between  the  octave  band  center 
frequencies  are  interpolated.  These  data  show  the  same 
differences  as  the  previous  data.  Increased  noise  reduction 
is  obtained  in  the  high  frequency  region  at  the  expense  of 
a  decreasing  noise  reduction  in  the  mid  frequency  range. 

No  attempt  has  been  made  to  generalize  these  data  for 
other  lengths.  If  increased  high  frequency  attenuation  is 
required,  staggering  the  baffles  so  that  they  form  a  "zig¬ 
zag"  air  path  is  Just  as  effective  as  orienting  the  baffles 
normal  to  the  plane  of  the  bend.  In  addition,  there  is  no 
significant  loss  of  noise  reduction  at  the  mid  frequencies. 

Another  method  of  obtaining  increased  high  frequency 
noise  reduction,  by  varying  the  orientation  of  baffles,  wag 
Investigated  in  Reference  33-^  The  noise  reduction  of  18  ft 
of  parallel  baffles,  oriented  so  that  the  major  plane  of 
the  baffles  was  perpendicular  to  the  ground,  was  compared 
with  the  noise  reduction  with  another  orientation.  The 
other  orientation  consisted  of  6  ft  of  baffles  with  their 
major  plane  parallel  to  the  ground,  and  then  6  ft  of 
baffles  with  the  major  plane  perpendicular  to  the  ground. 

The  noise  reduction  for  these  two  sets  of  baffles  are  given 
in  Fig  36.  The  noise  reduction  of  the  baffles  containing 

♦  Private  cominunic^tion  fron^i  Grallcw^y,  D^itP  obtained  from  wind  tunnel 

p-t  Convair,  S"*n  I)ies;o. 
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the  horizontal  section  is  about  5  db  greater  than  the  noise 
reduction  of  the  baffles  which  were  all  vertical.  The  noise 
reductions  below  600  cps  are  not  significantly  different. 

The  increased  noise  reduction  is  probably  obtained  by 
suppression  of  higher  order  modes  in  a  vertical  plane.  These 
modes  are  not  completely  attenuated  by  the  vertical  baffle 
structure.  The  reorientation  of  the  baffles  appears  to 
suppress  these  components. 

3-  Noise  Reduction  of  Zig-Zag  Baffles 

Another  method  of  achieving  Increased  noise  reduction  in 
the  high  frequencies  (those  for  which  the  duct  width  is  greater 
than  a  wavelength)  is  to  orient  the  baffles  at  a  small  angle 
"t  Q  to  the  longitudinal  axis  of  the  air  passage .  Near  the 
test  section,  for  example,  the  baffles  will  be  at  an  angle 
7  0  to  the  center  line,  and  at  some  distance,  /,  from  the 
test  section  the  baffles  will  change  direction  so  that 
they  are  at  an  angle  -0  to  the  longitudinal  axis.  The  in¬ 
cluded  angle  between  the  baffles  Is  (l80°  -  2  9).  If  the 
baffles  are  angled  enough,  there  will  be  no  line  of  sight 
through  them  and  the  high  frequency  sound  waves  cannot 
"beam”  through  the  baffles.  The  noise  reduction  of  one 
zig-zag  parallel  baffle  structure  is  given  in  Reference  34. 

In  addition,  the  noise  reduction  of  smother  zig-zag  parallel 
baffle  structure  was  measured  under  the  Air  Force  program 
referred  to  in  the  Introduction.  The  measurements  for  the 
baffles  of  Reference  33  are  given  in  Fig  37.  These  baffles 
were  l8  ft  long  and  3-1/2  in.  thick.  The  normal  distance 
between  the  centers  of  the  baffles  was  l6  in. 
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The  author  of  Reference  33  states  "each  (6  ft  baffle  was) 
staggered  16  in.  off  centerline."  The  Interpretation  of 
this  statement  Is  not  clear.  It  may  be  that  one  end  of  the 
baffle  was  16  In.  off  the  centerline  In  one  direction  and 
the  other  end  of  the  baffle  was  l6  In.  off  the  centerline 
in  the  opposite  direction.  On  the  other  hand,  it  may  be 
that  each  end  of  the  baffle  was  8  in.  off  the  centerline 
in  opposite  directions.  We  suspect  the  latter  interpreta¬ 
tion  is  correct. 

The  noise  reduction  of  the  l8  ft  of  zig-zag  (three  6 
ft  sections)  is  presented  with  the  noise  reduction  of  l8  ft 
of  the  same  baffles  in  a  straight  line.  In  the  high  fre¬ 
quencies,  the  noise  reduction  of  the  zig-zag  baffles  is  as 
much  as  9  db  greater  than  the  noise  reduction  of  the 
straight  baffles.  In  the  low  frequencies,  the  noise  re¬ 
duction  for  the  zig-zag  baffles  is  a  few  db  greater  than 
the  noise  reduction  of  the  straight  baffles. 

The  noise  reduction  of  another  set  of  zig-zag  parallel 
baffles  is  presented  in  Fig  38.  These  baffles  were  4  in. 
thick  and  spaced  on  12  in.  centers.  There  were  four 
sections  of  baffles  and  the  Included  angle  between  adjacent 
sections  was  about  152°.  The  total  offset  of  the  baffles 
was  12  in.  that  is,  ^6  in.  from  the  mid-point  of  the  baffle 
section. 

The  noise  reduction  of  these  baffles  was  measured  using 
the  explosive  noise  source.  The  SPL  at  the  output  grid 
suggested  that  the  measurements  may  have  been  Influenced  by 
acoustical  background  noise  levels.  In  this  particular 
acoustical  survey,  the  sound  pressure  level  at  the  output 
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grid  was  also  measured  during  engine  operation.  The  free 
field  power  level  and  the  measurements  at  the  output  grid* 
have  been  used  to  estimate  the  noise  reduction  In  the  fre¬ 
quency  range  from  800  to  2000  cycles.  The  noise  reduction 
estimated  from  the  free  field  PVJL  amd  the  SPL  during  engine 
operation  Is  also  given  In  Pig  38. 

The  noise  reduction  of  these  baffles  Is  generally 
greater  than  the  noise  reduction  of  I6  ft  of  straight  par¬ 
allel  baffles  except  In  the  mid- frequency  range  where  the 
noise  reduction  has  been  estimated  from  the  free-fleld 
power  level  of  the  engine.  In  general,  however,  angling 
the  baffles  provides  additional  noise  reduction,  particu¬ 
larly  In  the  high  frequencies. 

6.  Noise  Reduction  for  Normal  Incidence  Inputs 

If  the  Input  to  an  acoustical  treatment  Is  a  plane 
wave  which  Is  Incident  on  the  acoustical  treatment,  the 
noise  reduction  Is  expected  to  be  lower  than  the  values 
for  reuidom  Incidence  Inputs.  No  plEine  normal  Incidence 
wave  Input  conditions  were  encoimtered  In  the  several 
acoustical  surveys  carried  out  In  the  All*  Force  programs 
referred  to  In  the  Introduction.  However,  one  experiment 
Is  described  In  Ref  33  for  which  the  noise  Input  to  one 
set  of  baffles  was  nearly  plane  and  normal  to  the  Input 
grid. 


The  acoustical  treatment  In  the  experiment  consisted 
of  two  6  ft  sets  of  parallel  baffles  In  series,  separated 


*  See  Section  VI 
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by  an  open  air  space  6  ft  long.  The  major  planes  of  the  two 
sets  of  baffles  were  parallel  to  one  another. 

The  noise  input  to  the  first  6  ft  of  baffles  in  the 
combination  was  random;  however,  the  higher  order  modes 
were  attenuated  rapidly  in  the  first  6  ft  baffles  so  that 
the  input  to  the  second  6  ft  of  baffles  was  nearly  plane 
and  normal. 

The  noise  reduction  for  this  combination  of  baffles  is 
given  in  Pig  39  along  with  the  noise  reduction  for  12  ft  of 
the  same  type  of  baffles,  which  consisted  of  two  contiguous 
6  ft  sections.  There  Is  no  significant  difference  between 
the  noise  reduction  of  these  two  baffle  structures. 

The  noise  reduction  of  the  second  6  ft  of  baffles  is 
Just  about  equal  to  the  difference  between  the  noise 
reduction  of  12  ft  of  continuous  baffles  and  the  noise 
reduction  of  6  ft  of  continuous  baffles.  Therefore,  the 
noise  reduction  for  plane  waves  is  given  by  the  slope 
(from  6  ft  to  12  ft  in  Fig  39)  of  the  noise  reduction 
curves  as  was  suggested  earlier.  For  plane  waves,  there¬ 
fore,  the  noise  reduction  varies  in  direct  proportion  to 
length.  In  the  general  expression  for  noise  reduction, 
a  +  bi,  a  is  zero  for  normal,  plane  waves.  If  the  input 
to  the  second  6  ft  of  baffles  were  random,  the  total 
noise  reduction  for  the  combination  of  baffles  would  be 
2 (a  +  6b),  a  value  which  would  be  much  greater  than  the 
noise  reduction  for  12  ft  of  contiguous  baffles. 
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Thus,  these  data  appear  to  indicate  that  the  noise 
reduction  for  plcine  waves  will  be  given  by  the  slope  of  the 
noise  reduction  curves  as  obtained  from  measurements  with 
any  type  noise  field  input,  provided  the  measurements  are 
made  far  enough  into  the  baffle  structure.  All  higher  order 
modes  in  the  baffles  will  decay  faster  than  the  lowest  order 
mode  and  the  noise  reduction  per  unit  distance  will  approach 
the  value  for  the  lowest  mode. 

7.  Comparison  of  Measured  Noise  Reduction  with  the  Theory 
of  Morse  and  Cremer 

The  noise  reduction  measured  for  a  random  input  should 
be  greater  than  the  noise  reduction  for  a  plane  wave  which 
is  normal  to  the  input  per  id.  However,  the  noise  reduction 
per  unit  length  at  some  large  distance  into  the  treatment 
should  approximate  the  noise  reduction  for  the  lowest  order 
modes.  Therefore,  the  slope  of  the  noise  reduction  curves 
in  Fig  30  should  be  approximately  equal  to  the  noise  reduc¬ 
tion  predicted  by  Morse  and  Cremer. 

Calculation  of  the  impedance  of  the  baffle  structure 
is  difficult  because  the  parallel  baffles  did  not  contain 
a  dividing  septum.  The  energy  flow  into  a  baffle  depends 
upon  the  sound  pressure  distribution  on  either  side  of  the 
baffle.  If  the  sound  pressures  on  the  two  sides  of  the 
baffle  are  in  phase,  the  particle  velocity  in  the  middle 
of  the  baffle  is  zero  and  the  impedance  is  the  same  as  if 
a  septum  were  present.  If  the  sound  pressures  are  not  in 
phase,  the  results  of  Morse  and  Cremer  do  not  apply.  The 
Impedance  of  the  4  in.  thick  baffles  with  12  in.  on-center 
spacings  has  been  calculated  assuming  the  sound  pressures 
on  either  side  of  the  baffle  to  be  in  phase.  Thus  the  4  in. 
baffles  are  equivalent  to  a  duct  lined  with  two  Inches  of 
acoustical  material. 
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The  noise  reductions  have  been  obtained  from  the  impedance 
by  use  of  Cremer*s  charts «  The  calculated  noise  reduction  and 
the  measured  slope  of  the  noise  reduction  curves  of  Fig  30 
are  given  in  the  table  below  for  several  values  of  frequency, 

PLANE  WAVE  NOISE  REDUCTION  OF  4  INCH  THICK 
PARALLEL  BAFFLES  SPACED  12  INCHES  ON  CENTERS 


Frequency 

Noise  Reduction 
Measured 

in  db/ft 

Calculated 

100  cps 

0,4 

0.075 

4l0  cps 

2,4 

1.12 

820  cps 

3.1 

2.85 

l640  cps 

2.4 

4.5 

6300  cps 

0.8 

1.42 

The  spectra  of  the  calculated  and  measured  noise 
reductions  have  the  same  general  shape^  but  the  maximum 
value  for  the  measured  noise  reduction  is  about  one  octave 
lower  than  the  maximum  for  the  calculated  noise  reduction. 
Except  for  the  two  highest  frequencies,  the  measured  value 
of  noise  reduction  is  generally  higher  than  the  calculated 
value. 

It  is  to  be  noted  that  the  measured  noise  reductions 
are  derived  from  octave  band  data.  The  noise  reduction  at 
any  frequency  may  vary  significantly  from  the  octave  band 
value,  particularly  if  there  is  a  narrow  peak  in  the  noise 
reduction  spectrum.  Thus,  the  significance  of  the  difference 
in  the  measured  and  calculated  peak  values  of  noise  reduction 
(3ol  and  4.5  db/ft  respectively )  is  obscured. 
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C.  Noise  Reduction  by  Thick  Parallel  Baffles 


The  noise  reduction,  of  six  sets  of  thick  parallel 

baffles  were  measured  under  the  Air  Force  program.  The  thick¬ 
ness  of  these  baffles  varied  from  3  to  4  feet.  The  open 
spacing  between  them  varied  from  about  2  to  5  feet.  The 
materials  used  In  the  baffles  were  the  same  as  those  used 
in  the  thin  baffles. 

The  noise  reduction  for  these  baffles  has  been  plotted 
as  a  function  of  i/D'*  for  each  of  the  eight  octave  bands  of 
frequency.  In  Figures  40  and  4l,  the  noise  reduction  of  emy 
of  the  six  baffles  lies  within  3  db  or  less  of  the  straight 
lines  fitted  on  each  graph  with  one  exception.  The  noise 
reduction  for  jt/D’  •*  3.0  In  the  20  to  75  cps  octave  baind  Is 
significantly  low.  The  noise  reduction  versus  length  curve 
Is  not  evidently  linear  below  i/D'  ■  4.  Therefore,  the 
values  of  noise  reduction  derived  from  these  curves  should 
not  be  used  for  I/D'  values  much  less  than  4  In  that  band. 

The  range  of  values  of  D'  for  the  data  presented  Is  from 
2  to  5  feet.  Over  this  range  the  noise  reduction  spectrum 
did  not  appear  to  vary  significantly.  For  example,  the  fre¬ 
quency  of  the  maximum  noise  reduction  for  D'  -  6  ft  and  for 
D'  ■■  2.5  ft  was  about  the  same. 

Figure  42  shows  the  derived  values  of  noise  reduction 
for  parallel  baffles  3  ft  thick  on  6  ft  centers  based  on  the 
data  In  Figs  40  and  4l.  Two  observations  may  be  made  about 
this  data.  First,  the  noise  reduction  above  1000  cps  may  be 


*  The  data  at  i/D>  equals  3,  4,  4.25,  4.8,  5  and  7.2  are 
from  references  19<  23,  19#  22,  18,  22,  respectively. 
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FIG.  40  NOISE  REDUCTION  VS -£/D'  FOR  THICK  PARALLEL  BAFFLES  (SEE TEXT) 
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FIG.  41  NOISE  REDUCTION  VS  ^/D'  FOR  THICK  PARALLEL  BAFFLES  (SEE  TEXT) 


attributed  entirely  to  the  effects  of  a  random  distribution 

of  noise  at  inputs »  For  normal,  plane  waves  the  noise 

reduction  would  approach  zero  above  1000  cps.  Second,  these 

data  are  representative  values  of  L  ^  which  apply  to  typical 

nr  07/ 

field  conditions «  Theory  and  laboratory  experiments— 
indicate  higher  values  of  can  be  obtained o 

Dp  Procedures  for  Estimating  Noise  Reduction  of  Other 
Baffles  Structures 

The  several  acoustical  surveys  have  provided  data  only 
for  two  grossly  different  sizes  of  parallel  baffles,  (e.g., 
4  Inches  thick  and  approximately  3  feet  thick).  The  noise 
reduction  characteristics  of  other  sizes  of  baffles  are 
required  for  design  purposes.  It  has  therefore  been  neces¬ 
sary  to  use  certain  extrapolation  and  interpolation  proce¬ 
dures  to  obtain  data  for  incorporation  in  the  Appendices  of 
Volume  Two  of  this  report.  The  procedures  which  have  been 
used  to  derive  the  data  presented  in  Appendix  C  of  that 
volume  are  described  below. 

1.  Scaling 

The  noise  reduction  of  parallel  baffles  which  are 
geometrically  similar  to  those  for  which  the  noise  reduction 
is  known  can  be  found  by  scaling  techniques.  The  noise 
reduction  for  parallel  baffle  structures  (or  lined  ducts) 
can  be  expressed  as  a  function  of  the  following  non- 
dimensional  variables: 

rt/pc,  DV>^>  H/X,  and  L/d® 
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In  which 


r  is  the  flow  resistance  per  unit  length  of  the 
acoustical  material  in  the  baffles, 

t  is  the  thickness  of  the  baffles, 

D*  is  the  open  width  between  the  baffles, 

X  is  the  wavelength  of  sound 

H  is  the  height  of  the  baffles,  and 

L  is  the  length  of  the  baffles. 

If  each  of  these  dimensionless  variables  are  held 
constant,  then  the  noise  reduction  will  also  remain 
constant.  The  variation  of  noise  reduction  with  the  height 
of  the  baffles  is  not  generally  included  as  a  significant 
variable.  For  test  cell  structures,  H  does  not  vary  greatly 
and  the  variation  of  H  is  neglected.  It  is  noted  here  be¬ 
cause  higher  order  of  modes  in  a  vertical  plane  can 
propagate  only  for  certain  values  of  H/X  and  the  lowest 
frequency  for  which  the  end  corrections  are  applicable 
depends  both  on  D*/X  and  on  H/X. 

The  noise  reduction  of  a  structure  which  is  geometri¬ 
cally  similar  to  one  for  which  the  noise  reduction  is  known 
can  be  found  by  the  following  steps: 

l)  Scale  all  dimensions  of  the  acoustical  treatment 
for  which  the  noise  reduction  is  known  to  obtain 
the  desired  treatment  that  is  geometrically 
similar. 

For  example,  the  noise  reduction  of  12*  of  baffles  which 
are  4  in.  thick  and  12  in, on  centers,  could  be  obtained  by 
multiplying  all  of  the  dimensions  of  6*  long,  2  in.  thick 
baffles,  6  in.  on  center  by  2,  In  this  case,  2  is  the 
scale  factor. 
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2)  Divide  the  frequency  by  the  scale  factor. 

For  the  example  being  used,  the  peak  noise  reduction  occurs 
at  about  2000  cps  for  the  2  in,  thick  baffles.  Thus,  the 
peak  noise  reduction  for  the  4  in.  thick  baffles  will  occur 
at  a  frequency  of  2,000/2  « 1000  cycles. 

3)  Divide  the  specific  flow  resistance  (the  flow 
resistance  per  unit  length)  of  the  acoustical 
lining  material  by  the  scale  factor. 

The  total  flow  resistance  la  the  product  of  the  specific 
flow  resistance  and  the  thickness  of  the  acoustical  material. 
The  thickness  of  the  acoustical  material  la  directly  propor¬ 
tional  to  the  scale  factor  and  the  specific  flow  resistance 
is  Inversely  proportional  to  the  scale  factor.  Thus,  the 
total  flow  resistance  is  unchanged  by  the  scaling  procedure. 

It  is  found  from  experience  that  the  scaling  procedure 
la  only  approximate.  Therefore,  it  is  desirable,  where 
possible,  to  obtain  the  noise  reduction  of  some  unknown 
treatment  by  scaling  down  from  a  larger  size  and  up  from 
a  smaller  size. 

2.  Variation  of  Noise  Reduction  with  Baffle  Opening 

In  order  to  obtain  a  more  complete  set  of  data  for  Appendix 
C  of  Volume  Two,  it  is  necessary  to  use  techniques  other 
than  scaling.  It  may  be  required,  for  example,  to  find 
the  noise  reduction  of  baffles  which  are  4  in.  thick  and 
16  in.  on  centers  from  the  noise  reduction  of  baffles  which 
are  4  in.  thick  and  12  in.  on  centers.  Two  such  sets  of 
baffles  are  not  geometrically  similar  so  that  scaling 
techniques  cannot  be  directly  applied. 


WADC  TR  58-202(3) 


-124- 


An  approximate  procedure  for  accomplishing  such  extra¬ 
polations  can  be  derived  from  the  analysis  of  lined  ducts 
by  Ingard  In  Reference  26.  One  finds  that  the  noise  reduc¬ 
tion  for  frequencies  lower  than  the  peak  noise  reduction  Is 
directly  proportional  to  the  open  spacing  between  the  baffles 
(D*  In  Pig  33). 

Thus,  for  example,  the  noise  reduction  of  12  ft  of 
baffles  l6  In.  on  centers  (D'  =»  12  In.)  and  4  In.  thick 
Is  2/3  of  the  noise  reduction  of  12  ft  of  baffles  12  In. 
on  centers  (D'  =  8  In.).  In  Fig  42 ,  the  noise  reduction  of 
12  ft  of  baffles,  4  In.  thick  and  l6  in.  on  centers  Is 
given  by  curve  B,  which  Is  Just  2/3  of  curve  A  at  each 
frequency. 

The  noise  reduction  at  high  frequencies  does  not  depend 
on  lining  thickness  provided  that  the  ratio  of  wavelength  to 
lining  tnickness  is  somewhat  greater  than  1.  The  noise 
reduction  In  this  frequency  range  depends  on  the  ratio  of 
wavelength  to  open  spacing,  which  implies  frequency  scaling. 
The  noise  reduction  also  depends  upon  the  ratio  of  length 
to  open  spacing,  that  is  the  length  measured  In  duct  widths. 

At  high  frequencies,  the  noise  reduction  of  12  ft  of 
baffles  l6  In.  on  centers  can  be  obtained  from  the  noise 
reduction  of  8  ft  (12  x  2/3)  of  baffles  12  In.  on  centers 
shifted  In  frequency  by  a  factor  of  2/3.  The  noise  reduc¬ 
tion  of  12  ft  of  baffles  l6  in.  on  centers  Is  given  by 
curve  D  In  Pig  43  which  Is  the  noise  reduction  of  8  ft  of 
baffles  12  ln„  on  centers  appropriately  shifted  In  frequency. 
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As  a  test  of  the  reliability  of  this  method,  the  measured 
noise  reduction  for  12  ft  of  baffles  l6  in.  on  centers  (See 
Fig  29)  is  given  by  the  opep  circles  in  Pig  43.  As  can  be 
seen,  the  agreement  is  quite  good.  The  author  has  also 
derived  the  noise  reduction  of  4  in.  baffles  8  in.  on  centers 
by  this  procedure  and  has  compared  the  results  with  recent 
data  measured  in  England— The  results  have  been  equally 
gratifying.  However,  it  should  be  borne  in  mind  that  this 
procedure  la  approximate  and  the  possibility  of  errors  will 
increase  with  the  range  of  extrapolation.  It  is  not  recom¬ 
mended,  for  exeunple,  that  the  noise  reduction  of  baffles 
with  1  in.  open  spacing  be  derived  from  the  noise  reduction 
of  baffles  with  8  in.  open  spacing. 


E.  Noise  Reduction  by  Lined  Ducts 

The  noise  reduction  of  six  lined  ducts  was  measured 
under  the  Air  Force  program.  These  lined  ducts  had  pearly 
square  openings  which  ranged  from  6  ft  x  6  ft  to  10  ft  x 
10  ft.  The  lining  of  all  but  one  of  the  ducts  consisted  , 
of  a  Plberglas  blanket  4  to  6  in.  thick,  enclosed  in  per¬ 
forated  metal  panels  which  were  backed  with  an  air  space 
that  varied  in  thickness  from  1  to  2-1/2  ft.  In  one  duct 
the  Plberglas  was  2  ft  thick  and  the  air  space  was  1  ft 
deep.  Three  of  the  ducts  had  a  single  open 

area  which  filled  the  entire  cross  section  of  the  cell. 
Three  duct  structures*^^^— consisted  of  four  parallel 
ducts  placed  side  by  side  in  a  square  array.  The  i/D' 
ratio  for  the  ducts  varied  from  1.0  to  2.7. 


*  Two  of  the  ducts  were  Identical,  The  L  from  these 
ducts  have  been  averaged  and  are  presented  as  a  single 
point. 
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/  I50-300CPS/ 

20-75  CPS  75-150  CPS  /  V  300-600  CPS 


NOISE  REDUCTION  VS  -f/D'  FOR  FIVE  DUCTS 


The  noise  reductions  for  each  octave  band  for  these 
ducts  are  plotted  as  a  function  of  i/D*  in  Figure  4^f.  In 
the  low  frequency  range  the  of  these  ducts  varies 
widely  over  the  small  range  of  i/t)'  values  .  Another  ref¬ 
erence  point  used  to  determine  the  slope  of  a  straight 
line  through  the  points  was  obtained  from  the  data  given 
in  Pig  42.  The  SPL  versus  distance  curve  was  extrapolated 
to  i  =  0  to  obtain  the  value  of  "a"  (the  noise  reduction 
at  i  =  O).  These  values  are  plotted  at  i/D'  =  0  for  the 
first  four  octave  bands. 

In  the  range  from  20  to  600  cp^  the  data  points 
generally  lie  within  3  db  of  the  fitted  curves  except  for 
the  data  at  i/O*  =  2.8.  These  data  were  obtained  from 
measurements  on  the  duct  lined  with  2  ft  of  Flberglas. 

The  noise  reduction  versus  frequency  characteristic  for 
this  lining  is  evidently  very  different  from  those  for 
the  thinner  (4  to  6  in.)  linings  (with  larger  air  spaces). 

At  the  higher  frequencies  (above  600  cps)  no  attempt 

has  been  made  to  fit  a  straight  line  to  the  data  because 

of  the  large  scatter.  The  noise  reduction  is  very  large 

for  one  duct  (20  db)  and  is  generally  about  10  db  for  the 

other  ducts.  There  is  no  obvious  reason  for  the  relatively 

large  noise  reduction  for  the  one  duct.  At  frequencies 

above  1200  pps  the  noise  reduction  is  nearly  Independent 

26/ 

of  the  thickness  of  the  lining  — '  and  the  slope  of  the 
noise  reduction  curve  can  be  obtained  from  Fig  4 2  which 
is  applicable  for  the  3  ft  thick  parallel  baffles.  This 
slope  is  about  1.0  db  per  I/D'  above  1200  cps.  The  noise 
reduction  is  estimated  to  be  of  the  order  of  1.5  db  per 
i/D'  in  the  600-1200  cps  band. 
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,  The  values  of  L  ^  derived  from  Fig  44  and  Fig  42  are 
given  in  Pig  45#  These  curves  should  be  applied  only  for 
ducts  with  cross  section  in  the  range  from  about  6  ft  x 
6  ft  to  10  ft  X  10  ft.  The  lining  for  the  ducts  should 
be  about  6  in,  of  Plberglas  (2-1/2  to  4-1/4  Ib/ft^  density) 
backed  with  an  air  apace  about  18  to  24  in,  deep. 

The  noise  reductions  given  in  Pig  45  are  applicable 
only  for  square  ducts.  The  noise  reduction  for  rectangular 
ducts  can  be  derived  from  the  noise  reductions  for  parallel 
baffles  of  appropriate  thickness  and  spacing. 


P,  Noise  Reduction  by  Bends 

The  noise  reductions  of  20  right  angle  bends  were 
measured  in  the  acoustical  surveys  under  the  Air  Porce  pro¬ 
gram,  Of  these  l6  were  lined  with  acoustical  material 
and  four  were  unlined.  The  data  which  are  presented  subse¬ 
quently  are  significantly  different  from  those  presented 
elsewhere  in  the  literature-^^^-  — The  differences 
are  attributable  to  the  measurement  techniques  and  to  the 
difference  between  noise  re^'uction  for  plane  (first  order) 
waves  and  for  randomly  incident  waves. 

In  the  three  references  cited  measurements  were  made 
under  controlled  laboratory  conditions  which  assured  a  plane 
wave  in  the  "input"  duct.  In  addition,  the  measurements 
were  made  by  traverse  techniques  or  by  Insertion  loss 
techniques.  Both  of  these  techniques  also  measure  effects 
of  the  bend  on  the  noise  field  beyond  a  bend.  These  data 
do  not  include  such  effects.  A  bend  scatters  the  sound 
energy  into  higher  order  modes  so  that  the  noise  reduction 
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of  any  treatment  beyond  a  bend  will  be  higher  than  for  first 
order  modes.  The  measurements  of  given  here  show  only 
the  difference  in  SPL  at  planes  C  and  D  in  Figure  33. 

The  data  obtained  is  summarized  in  Figure  46.  The 
individual  measurement  points  for  lined  bends  are  shown  in 
Figure  46(a).  The  two  open  circles  refer  to  bends  which 
were  proceeded  by  a  baffle  treatment  which  was  parallel 
to  plane  B  of  Fig  33.  For  this  particular  geometry  the 
noise  reduction  varies  with  frequency  in  a  manner  indicated 
by  Lippert,  Waters  and  King  i  37/^  That  is,  the 

noise  reduction  increases  rapidly  for  frequencies  at  which 
^  is  greater  than  the  duct  height.  The  duct  height  must 
be  Interpreted  here  to  be  the  normal  distance  between  the 
baffles  proceeding  the  bend  rather  than  the  height  of  the 
duct  containing  the  baffles.  For  this  special  case  noise 
reduction  characteristics  follow  the  plane  wave  theory 
because  the  baffles  suppress  all  higher  order  modes. 

With  the  exception  of  this  special  geometry,  the 
Lnr  versus  frequency  characteristics  of  bends  are  essentially 
independent  of  frequency.  The  average  values  of  noise 
reduction  for  lined  and  unlined  bends  are  shown  in  Fig  46(b) 
and  (c)  respectively.  As  can  be  seen  there  is  only  a 
slight  difference  in  the  noise  reduction  of  lined  and 
unllned  bends.  Such  a  small  difference  in  noise  reduction 
(about  2  db)  suggests  that  lining  a  bend  in  an  engine 
teat  facility  may  not  be  an  economical  way  to  achieve 
noise  reduction.  However,  the  data  do  indicate  that 
a  lined  bend  will  become  much  more  effective  in  the 
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WOISE 'reduction  of  lined  and  unlined  bends 


high  frequencies  if  a  baffle  or  long  duct  structure 
precedes  the  bend. 
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SECTION  VI 


INFORMATION  REQUIRED  FOR  PREDICTING  INSERTION 
LOSS  FROM  NOISE  REDUCTION  DATA 

Prediction  of  Insertion  loss  of  a  test  facility  requires 
knowledge  of  noise  characteristics  of  engines  operating  In 
test  facilities.  The  characteristics  In  free  field  are  not 
sufficient,  because  they  are  modified  by  the  enclosing 
facility.  Relevant  Information  on  Jet  engines  in  test 
facilities  Is  given  In  Paragraph  A;  on  reciprocating  engines 
in  Paragraph  B.  Directivity  characteristics  of  air  Intakes 
and  exhausts,  also  needed  for  prediction  of  Insertion  loss, 
are  presented  In  Paragraph  C.  Finally,  some  comments  on 
measuring  Insertion  loss  are  given  In  Paragraph  D. 

A.  Noise  Characteristics  of  Jet  Engines  In  Test  Facilities 
1,  Sound  Pressure  Levels  at  the  Exhaust  Acoustical  Treatment 

In  most  test  cells  and  ground  run-up  facilities,  the 
eductor  tube  Is  located  quite  near  the  exhaust  of  the  Jet 
engine.  The  source  of  Jet  noise  is  distributed  In  space 
to  the  rear  of  the  Jet  engine.  The  distance  from  the 
apparent  source  to  the  Jet  exhaust  outlet  Increases  with 
decreasing  frequency. 

Most  of  the  noise  Is  radiated  into  the  eductor  tube 
towards  the  exhaust  acoustical  treatment.  More  than  90 
percent  of  the  total  noise  power  from  tlie  Jet  engine 
radiates  into  the  exhaust  treatment.  Within  one  decibel, 
therefore,  the  SPL  In  octave  bands  Is  given  bys 

SPL  =  PWL  -  10  logj^Q  A  (35) 
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where  PWL  is  the  open  field  power  level  of  the  engine 

in  db  re  10**  ^  watt  (in  octave  bands), 

A  is  the  open  area  of  the  exhaust  acoustical 
treatment  in  square  feet. 

This  equation  is  used  under  the  assumption  that  the 
free  field  power  level  of  the  engine  is  not  cheuiged  by  the 
eductor  tube.  This  assumption  has  been  checked  by  measuring 
the  SPL  at  the  input  to  one  exhaust  acoustical  treatment;-^^ 
the  resulting  power  level  is  presented  in  Pig  47»  along 
with  the  power  level  measured  in  the  free  fleld-^^^. 

Since  a  single  microphone  position  was  used  to  determine 
the  space-average  SPL  at  the  exhaust  acoustical  treatment, 
the  differences  between  the  free  field  power  level  and  the 
power  level  in  the  test  cell  are  subject  to  an  uncertainty 
of  the  order  of  4  decibels  (see  Section  III,  Para.  D. 

Even  allowing  for  this  uncertainty,  it  appears  that  the 
eductor  tube  increases  the  power  level  slightly  in  the 
low  frequencies,  contrary  to  expectation. 

In  the  higher  frequencies,  the  PWL  measured  in  the 
test  cell  is  somewhat  lower  than  the  free  field  PWL.  The 
microphone  at  the  exhaust  treatment  of  the  test  cell  was 
located  behind  a  blast  deflector.  The  acoustic  shielding 
provided  by  this  deflector  may  account  for  the  lower  PWL  in 
the  test  cell. 

If  a  diffuser  is  attached  to  the  engine  in  the  test 
cell,  the  power  level  of  the  engine  will  be  significantly 
decreased.  It  will  be  necessary  then  to  measure  the  free 
field  power  level  of  the  engine  with  the  diffuser  attached, 
in  order  to  apply  Eq  35* 
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Although  no  measurements  have  been  made  of  the  SPL  at 
the  Input  to  the  exhaust  acoustical  treatment  for  ground 
run-up  suppressors,  the  configuration  of  eductor  tubes  Is 
similar  to  those  In  the  test  cells,  and  the  considerations 
above  should  apply  equally  well  to  ground  run-up  suppressors. 

2.  Sound  Pressure  Level  at  Air  Intakes 

Measurements  of  SPL  in  eight  different  test  cells  were 
made  at  several  locations  In  the  test  section  Including  the 
primary  and  secondary  air  Intake  grids.  These  data  Indicate 
that  the  noise  field  in  the  test  section  is  quite  uniform 
except  at  the  primary  air  inlet,  which  Is  usually  located 
in  the  celling  at  the  forward  end  of  the  test  section.  This 
position  may  be  considered  as  being  around  a  bend  from  the 
noise  source. 

A  relation  has  been  derived  between  the  octave  beuid 
SPL  in  the  test  section  free  field  and  the  octave  band  PWL 
of  the  engine.,  For  the  range  of  areas  Involved  (200-400  sq 
ft)  the  difference  between  SPL  and  the  free  field  PWL  does 
not  appear  to  be  dependent  on  area.  The  relation  applies 
only  for  those  test  cells  In  which  the  engine  exhaust  Is 
not  Isolated  from  the  test  section.  One  test  cell-^^was 
encountered  In  which  a  "collar"  was  placed  around  the  Jet 
exhaust  orifice.  This  collar,  constructed  of  approximately 
1/2  In.  steel  plate,  effectively  isolated  the  Jet  exhaust 
from  the  test  section  and  the  forward  end  of  the  engine. 

The  SPL  In  test  sections  of  this  type  must  be  obtained 
from  detailed  considerations  of  the  structures  Involved. 
Omitting  this  exception,  the  values  of  SPL  given  In  the 
paragraphs  below  apply  to  closely  or  loosely  coupled 
engines  and  eductor  tubes. 
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FREQUENCY  RAND  —  CYCIES 


The  sound  pressure  levels  for  air  intakes  are  given  in 
Fig  48.  For  primary  and  secondary  air  Inlets  located  at 
the  forward  end  of  the  test  section,  the  SPL  at  the  inputs 
are  given  by  the  upper  curve.  For  secondary  air  inlets 
located  towards  the  rear  of  the  test  section,  the  SPL  at 
the  input  is  given  by  the  lower  curve. 

The  standard  deviation  for  these  data  was  about  4  db. 
There  is  no  significance  to  these  values  in  terms  of  the 
discussions  in  Section  III,  because  some  data  points  were 
single  microphones  in  the  test  section  and  others  were 
grid  averages.  However,  the  values  may  be  used  for 
estimating  roughly  how  often  the  SP1;  w?ll  be  greater  or 
less  than  the  values  shown.  For  example,  if  it  is 
important  that  a  criterion  value  not  be  exceeded,  the 
SPL*s  can  be  taken  to  be  8  db  (2ct)  greater  than  the 
values  shown.  Then  only  one  time  in  about  40  will  the 
actual  SPL*s  at  the  inputs  be  greater  than  those  assumed. 

3 .  Sound  Pressure  Levels  in  the  Test  Section 

The  sound  pressure  levels  in  the  test  section  are  the 
"input”  to  the  walls  separating  the  test  section  from  the 
control  room,  work  spaces,  etc.  The  values  of  SPL  in  the 
"reverberant  field"  of  the  test  section  are  about  2  db 
lower  than  the  upper  curve  of  Fig  48.  These  SPL's  apply 
for  all  positions  more  than  5  Pt  from  the  engine. 

B.  Reciprocating  Engines 

Test  cells  for  reciprocating  engines  are  different  from 
those  for  Jet  engines.  In  particular,  the  test  section  is 
not  divided  from  the  exhaust  acoustical  treatment  by  an 
eductor  tube.  The  directive  properties  of  the  propeller 
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noise  (dominant  noise  source)  are  such  that  about  half  of 
the  acoustic  energy  flows  toward  the  Intake  treatment  and 
half  flows  toward  the  exhaust  treatment.  Thus  anywhere  more 
than  about  five  feet  from  the  propeller  and  the  engine  the 
SPL  Is  approximately: 

SPL  =  PWL  +  10  log^Q  A  -  3  db  (36) 

where  A  Is  the  cross  sectional  area  of  the  test  section. 

C.  Directivity 

1.  Definitions  of  Directivity  Index 

In  the  far  radiation  field  of  any  noise  source,  ^'he  PWL 
level  spectrum  and  the  directivity  pattern  suffice  to  specify 
the  source  for  the  purpose  of  determining  the  sound  distribu¬ 
tion  at  all  distances  from  the  source,  except  for  the  dis¬ 
turbance  Introduced  by  the  environment,  such  as  air  attenua¬ 
tion,  refraction,  reflection,  etc. 

The  directivity  In  the  far  field  Is  usually  defined  as 
the  difference  between  the  SPL  at  a  point  and  the  average 
SPL  at  a  distance  r,  from  the  sources 

DI  (^  e)  =  SPL  (r,  e)  -  SPL^^^  (r)  (37) 

where  SPL  (r,  e)  Is  the  sound  pressure  level  at  a 

distance  r,  elevation  o,  and  an 
azimuth  ^  from  the  source 
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SPLay(r)  is  the  average  SPL  at  a  distance  r*  from 
the  source; 

DI  (^,  e)  is  the  directivity  index  (in  db)  at  the 
angles  ^  and  e  from  the  source. 

Furthermore,  the  average  sound  pressure  level  can  be  related 
to  the  power  level  of  the  source,  PWL,  by: 

SPLay(r)  -  PWL  -  10  log^^Q  A  (38) 

00  P 

where  A  (ft  )  is  4irr  for  spherical  radiation  and  2rr 

for  hemispherical  radiation  from  a  source*. 

By  combining  the  two  previous  equations,  DI  can  be  expressed 
as: 


DI  (^,  e)  -  SPL  (r,  e)  +  10  log^Q  A  -  PWL  (39) 

-  PWL  (r,  /I,  e)  -  PWL  (40) 

Thus,  DI  (^,  e)  may  be  Interpreted  as  the  difference  between 
1)  the  power  level  that  would  be  calculated  if  SPL  (r,  /I,  e) 
were  assumed  to  be  the  average  SPL  and  2)  the  true  power 
level  of  the  source. 


The  EN-1  exhaust  microphone  is  located  in  the  near  field 
of  the  exhaust  gas  outlet.  In  the  near  field,  the  directivity 
index  may  still  be  defined  by  Eq  37t  ^ut  DI  (^,  ®)  becomes 
DI  (r,  e)  as  the  difference  between  SPL  (r,  0)  and 


*  In  electroacoustics  DI  is  almost  always  defined  in  terms 
of  the  average  SPL  over  an  entire  sphere  enclosing  the 
source.  In  aircraft  noise  control  problems,  it  has  been 
a  common  and  perhaps  unfortunate  practice  to  take  an 
average  over  a  hemisphere.  Care  must  be  taken  to  assure 
which  directivity  is  used. 
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SPLav(r)  depends  on  £  in  the  near  field.  Furthermore,  In 
the  near  field,  Eq  38  Is  no  longer  valid.  Hence,  a  defini¬ 
tion  of  the  type  given  by  Eq  37  is  not  useful  for  determining 
the  PWL  of  the  noise  source. 

As  measurements  of  SPL  at  the  EN-1  exhaust  microphone 
position  are  usually  made  to  determine  the  PWL  of  the  exhaust 
gas  outlet,  the  definition  of  DI  at  the  EN-1  position  shall 
be  based  on  Eq  39: 

'>%-!  -  “  l°SlO  (41) 

where  k  Is  a  number  between  0,5  and  1.0, 

r  is  the  "emitter"  diameter,  e.g.,  the  minor  dimension 
of  the  exhaust, 

^^exhaust  exhaust  gas  outlet. 

The  number,  k,  would  be  0.5  for  hemispherical  radiation 
and  1.0  for  spherical  radiation.  For  engine  test  cells,  the 
exhaust  system  occupies  a  fraction  of  a  sphere  of  radius  vlT  r, 
enclosing  the  exhaust  outlet,  and  therefore  k  lies  between 
0.5  and  1.0.  We  have  arbitrarily  assumed  k  Is  0.75* 

Equation  37  Is  as  valid  a  definition  of  DI  In  the  near 
field  as  Eq  39*  Equation  39  Is  arbitrarily  chosen  because 
It  provides  a  way  of  Interpreting  DI  In  terms  of  PWL.  Note, 
however,  that  In  the  near  field  Eqs  37  and  39  (or  4l)  are 
not  generally  equivalent  because  Eq  38  which  relates  them 
may  not  apply.  Therefore,  defined  by  Eq  4l  cannot 

be  determined  by  measurements  of  SPL  over  the  EN-1  sphere 
alone.  It  Is  necessary  to  find  the  PWL  of  the  exhaust  gas 
outlet  and  them  determine  from  Eq  4l. 
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2,  Calculation  of  Dlrectlvltj'  Index  at  the  EN-1  Position 

In  three  engine  test  cells  ,  It  was  possible  to 

determine  the  approximate  power  level  of  the  exhaust  gas  outlet 
by  measurements  of  SPL,  which  were  made  possible  by  special 
microphone  holders  and  cables  which  were  designed  to  with¬ 
stand  the  high  exhaust  gas  temperatures.  On  the  average, 
two  microphone  positions  were  used.  The  average  value  of 
the  directivity  Index  at  the  EN-1  position  has  been  found 
by  application  of  Eq  4l.  These  values  of  the  directivity 
Index  are  given  by  curve  "A"  In  Pig  49.  The  directivity 
Index  is  positive  at  all  frequencies,  being  slightly 
greater  at  the  high  frequencies  than  at  the  low  frequencies. 

The  positive  directivity  Index  indicates  that  If  the  power 
level  of  the  exhaust  gas  outlet  were  calculated  using  the 
SPL  at  the  EN-1  position  and  the  area  of  the  EN-1  sphere, 
the  value  obtained  would  be  greater  than  the  actual  power 
level  of  the  exhaust  stack. 

Another  method  of  evaluating  the  directivity  Index  at 

the  EN-1  position  is  suggested  by  Eq  30  and  31  In  Section 

III.  In  that  Section,  a  relation  was  derived  between  the 

EN-1  differences  and  the  L  ^  of  the  exhaust.  Several 

nr 

quantities,  including  the  directivity  index  at  the  EN-1 
position,  were  expressed  as  the  constant,  A.  Subsequently, 
the  magnitude  of  A  was  determined  from  many  sets  of  EN-1 
measurements  and  measurements.  Combining  Eqs  30  and 
31  yields: 


DIen-1  “A  -  (y  -  X)  -  32  db  (42) 

The  values  of  Y  and  X  were  obtained  from  measurements 
of  the  SPL  at  the  EN-1  engine  position  and  measurement  of 
the  free  field  power  level  of  three  types  of  Jet  engines. 
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FIGURE  49 
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Equation  42  and  the  quantit5cs  A,  X  and  Y  were  used  to  evaluate 
the  directivity  index.  The  values  of  the  directivity  index 
at  the  EN-1  positions  are  given  in  Fig  49  by  the  curve 
labeled  "C”.  These  values  of  DI  increase  with  increasing 
frequency  as  the  previously  derived  values  of  DI,  but 
they  are  about  4  or  5  db  smaller  in  magnitude. 

A  third  set  of  directivity  index  data  were  obtained 
from  measurements  of  average  SPL  over  the  "EN-1  sphere"^^. 

The  directivity  index  for  these  data  la  defined  by  Eq  37 
(which  in  the  near  field  cannot  be  considered  equivalent 
to  the  definition  given  by  Eq  4l.)  These  data  are  also 
given  in  Pig  49  by  the  curve  labeled  "D".  The  value  of 
DI  obtained  by  this  method  is  about  4  to  5  <3b  for  all 
frequencies . 

The  values  of  the  directivity  index  obtained  by  these 
three  methods  differ  significantly  from  one  another.  The 
values  of  directivity  index  obtained  from  the  first  twc 
procedures  above  are  both  based  on  the  definition  of  DI 
for  the  near  field.  That  is,  they  are  derived  by  consj- 
dering  the  relations  between  the  power  level  of  the 
exhaust  gas  outlet  and  the  SPL  at  the  EN-1  position. 

We  believe  that  the  first  procedure  of  calculation  is 
more  reliable  than  the  second.  In  the  first  procedure, 
the  approximate  power  level  of  the  stack  is  obtained  by 
direct  measurement  of  SPL.  In  the  second  procedure,  the 
power  level  of  the  stack  is  obtained  by:  1)  the  measire- 
ment  of  the  SPL  at  the  EN-1  position,  2)  an  estimation 
of  the  difference  between  the  EN-1  SPL  and  the  open  field 
power  level,  3)  by  measurement  of  the  L^^  of  the  exhaust 
treatment,  and  4)  by  estimation  of  the  power  level  spectrum. 
Each  of  these  steps,  1)  through  4),  may  Involve  significant 
errors.  The  present  estimate  of  the  average  value  of 
directivity  at  the  EN-1  position  is,  therefore,  based 
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primarily  on  the  data  obtained  by  the  first  procedure 
and  is  given  by  Curve  B  of  Pig  49  . 

This  average  value  is,  at  best,  an  estimate  of  the  DI 
at  the  EN-1  position.  The  DI  for  any  one  cell  vrlll  depend 
upon  the  position  selected  for  the  EN-1  measurement  (the 
location  of  the  microphone  on  the  EN-l  circle)  and  the 
geometry  of  the  exhaust  gas  outlet  and  its  acoustical 
treatments • 


3.  Directivity  Index  for  Air  Inlets  and  Exhaust  Gas  Outlets 

The  intake  and  exhaust  outlets  of  most  engine  test  cells 
and  ground  run-up  suppressors  lie  in  a  plane  parallel  to  the 
ground.  That  is,  the  exhaust  gas  and  intake  air  enter  and 
leave  the  test  facility  in  a  direction  perpendicular  to  the 
ground.  Most  of  the  noise  radiated  from  these  openings  is, 
therefore,  directed  upwards.  The  significant  directivity 
index  of  interest,  DI  g),  is  the  directivity  index 
for  positions  in  a  plane  parallel  to  the  exhaust  gas  outlet 
or  90  to  the  direction  of  the  air  flow. 

During  the  Air  Force  program  of  acoustical  evaluations, 
the  values  of  DI  given  in  Reference  39  have  been  used  for 
design  balance  studies  (see  Volume  I).  Where  possible 
these  values  of  DI  have  been  compared  with  measured  data 
and  the  agreement  between  the  measurements  and  the  value 
given  in  Reference  39  has  been  generally  good.  A  few  minor 
changes  in  the  directivity  indices  have  been  made. 
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FREQUENCY  BAND  —  CYCLES  PER  SECOND 
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FREQUENCY  BAND  —  CYCLES  PER  SECOND 


The  data  given  In  Reference  41  were  obtained  from 
measurementa  on  exhaust  staoks  of  nearly  square  cross  sec¬ 
tion.  It  was  assumed  at  that  time  that  the  perimeter  was 
a  useful  parameter  for  describing  the  size  of  an  exhaust 
stack.  It  now  appears  that  the  length  of  the  side  of  a 
square  having  an  area  equal  to  the  exhaust  stack  in  ques¬ 
tion  is  a  better  parameter  when  applying  the  data  to  arbitrary 
geometries.  The  suggested  parsuneter  is  more  conservative 
in  that,  smaller  DI's  are  attributed  to  narrow  rectangular 
stacks. 

For  example,  a  rectangular  stack  one  ft  wide  and  ten 
ft  long  would  be  taken  as  equivalent  to  a  square  stack 
having  a  3.16  ft  ( ^1^)  side  and  a  perimeter  of  12.6  ft. 

The  perimeter  of  the  rectangular  exhaust  stack  Is  22  ft. 

Thus  a  smaller  characteristic  dimension  and  a  smaller 
directivity  are  obtained  for  the  proposed  method.  For 
square  exhaust  stacks,  of  course,  both  methods  yield  the 
same  directivity. 

Recent  studies  Indicate  that  there  will  be  an  upper 
limit  to  the  amount  of  directivity  obtained  from  a  stack, 
because  of  scattering  of  sound  by  atmospheric  turbulence. 

The  upper  limit,  which  probably  does  not  depend  on  fre¬ 
quency  because  the  scattering  Is  nearly  independent  of 
frequency,  is  presently  estimated  to  be  about  20  db. 

The  directivity  curves,  with  these  modifications,  are 
presented  in  Figs  50  and  5I.  Figure  5C  is  applicable  to 
air  intedce  treatments  and  air  intake  openings,  and  Fig  51 
Is  applicable  to  exhaust  gas  outlets. 
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These  directivity  curves  are  average  values  of 
directivity  In  two  senses.  First,  they  are  averaged  over 
all  azimuth  angles  around  the  outlet  or  Inlet,  and  second, 
they  represent  average  values  for  different  types  of  cells. 
The  value  of  ttie  directivity  Index  at  any  azimuth  from  a 
particular  test  facility  may  vary  from  the  value  shown. 

In  some  test  facilities,  the  plane  of  an  exhaust  gas 
outlet  or  an  air  Inlet  lies  In  a  plane  normal  to  the  ground. 
That  Is,  the  air  enters  or  leaves  the  test  facility  In  a 
plsme  parallel  to  the  ground.  In  other  test  facilities, 
the  air  Inlets  or  exhausts  lie  in  a  plame  horizontal  to 
the  ground,  but  a  roof  structure  Is  placed  above  the  Inlet 
or  exhaust  so  that  the  air  Is  forced  to  enter  or  leave  In 
a  direction  parallel  to  the  gj?ound.  For  either  of  these 
two  cases,  the  average  value  of  the  directivity  Index  may 
be  taken  to  be  0  db. 

Reliable  field  measurements  of  directivity  are  seldom 
obtained  because  of  the  difficulty  of  measuring  the  total 
sound  power  radiated  from  an  exhaust  or  Intake  stack,  and 
because  the  distant  field  measurements  can  be  complicated 
by  contributions  from  several  noise  sources  (the  exhaust 
stack,  Intake  stack,  walls,  doors,  etc.).  However,  a 
few  design  balamce  studies  (see  Volume  I)  revealed  that. 

In  the  three  lowest  octave  bands,  the  exhaust  outlet 
was  the  only  significant  noise  source  in  some  test 
cella^ib  19,  23,  2?/, 

The  difference  between  the  measured  SPL  and  the 
predicted  SPL  from  the  design  balance  study  was  used  as 
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an  estimate  of  the  accuracy  of  the  directivity  index.  The 
mean  "error"  in  the  first  three  bands  vfas  about  -  1  db.  The 
range  of  errors  was  from  -3  to  +  4  db.  Further  refinement 
of  the  directivity  curves  can  be  best  obtained  by  carefully 
scaled  model  tests  from  which  the  effect  of  flow  and  gas 
temperature  can  be  determined. 

4.  Measurement  of  the  Insertion-Loss  Noise -Reduction 
Provided  by  a  Test  Facility 

The  insertion-loss  noise-reduction  of  the  test 
facility  is  a  useful  measure  of  the  acoustical  performance 
of  the  facility  as  a  whole.  It  is,  by  definition,  the 
amount  by  which  the  sound  pressure  level  is  lowered 
at  a  particular  point  by  "insertion"  of  the  test  facility. 

The  insertion  loss  is  usually  measured  on  a  complete 
circle  surrounding  the  test  facility  in  order  to  find  the 
acoustical  effectiveness  in  all  directions.  There  has 
developed  recently  the  practice,  of  limited  usefulness, 
of  describing  the  performance  of  ground  run-up  suppressors 
by  stating  the  noise  reduction  only  at  45°  from  the  Jet 
stream  axis.  Noise  problems  may  exist  at  any  angle  relative 
to  the  Jet  stream.  Measurements  at  45°  alone  do  not  tell 
enough  about  acoustical  performance.  It  is  not  unusual  to 
find  a  large  (30  dh  or  more)  noise  reduction  at  45  from 
the  Jet  stream,  and  a  small  or  negative  noise  reduction  at 
some  other  angle.  If  the  measurements  are  to  be  generally 
useful,  they  must  be  made  entirely  around  the  test  facility, 
not  at  one  angle  only. 
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FIG  52  A  NOISE  ENERGY  FLOW  DIAGRAM  FOR  AN  ENGINE 
IN  AN  OPEN  FIELD  AND  IN  A  TEST  CELL. 


A  radius  of  250  ft  has  been  selected  in  order  to 
obtain  positions  that  would  be  fa^  enough  from  the 
facility  for  the  measured  insertion-loss  to  be  valid  for 
greater  distances  also,  but  close  enough  so  that 
atmospheric  conditions  would  not  unduly  Influence  the 
measurements.  The  implications  of  this  statement  can  be 
seen  by  considering  the  noise  energy  flow  diagram  showr 
in  Pig  52, 

In  Fig  52  (a)  the  Jet  engine  is  represented  as  a  noise 
source  that  radiates  an  acoustical  power,  watts,  or  a 
power  level,  PWL^  decibels.  The  three  blocks  represent 
the  several  factors  that  attenuate  the  noise  as  it 
propagates  from  the  engine  to  the  measuring  position. 

The  SPL  at  the  measuring  position  R  ft  from  the  engine  can 
be  written: 

SPL^  -  PWL„  -  (B^  +  +  D^)  (42) 

The  average  SPL  at  a  distance  R  from  the  receiver  is 
PWL^  -  Bq,  where  measures  the  spherical  divergence  of 
sound  from  the  source.  The  term,  C^,  is  a  directivity 
correction  which  measures  the  amount  by  which  the  SPL  at 
a  particular  distance,  azimuth  and  elevation  varies  from 
the  average  SPL  at  that  distance.  The  term  accounts 
for  the  attenuation  of  sound  owing  to  atmospheric  and 
terrain  variables. 

When  the  engine  is  placed  in  a  test  facility,  the 
noise  flow  can  be  represented  as  shown  in  Pig  52  (b). 
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The  SPL  at  the  same  position  re],ative  to  the  engine  is  now 
written: 

SPLj^  =  PWL^  -  (A^  +  +  Dj^)  (43) 

The  terms  in  this  equation  are  the  same  as  those  in  Eq 
42  with  a  new  termj  included.  This  term  measures 
the  net  attenuation  of  the  acoustical  treatments  in  the 
test  facility.  If  we  now  subtract  Eq  43  from  Eq  42,  vie 
obtain  the  insertion-loss-noise-reduction  of  the  facility: 

SPL,  -  SPLj  -  (PWL,  -  PBL^)  -A^  -  -  (C,-0i)  -  (D,-D^) 

(A4) 

The  first  term  on  the  right  hand  side  of  Eq  44  measures  the 
change  in  PWL  caused  by  the  interaction  of  the  test  cell 
and  the  engine.  This  term  is  usually  negligible  in 
contemporary  cells;  certain  design  procedures,  however, 
could  maJce  this  term  the  most  significant  variable  in 
test  cell  design. 

The  second  term  (B^  -  B^)  measures  the  change  in 
SPL  due  to  the  change  of  the  distance  from  the  noise 
source  to  the  receiver  caused  by  "insertion"  of  the 
test  facility.  We  call  this  term  an  inverse  square 
error.  If  all  other  terms  of  Eq  44  were  zero,  the  change 
in  SPL  would  be,  at  most, 

20  log^Q  (Ri/Rq)  -  20  log^Q  [1  -  (i/2R^)]  (45) 
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where  i  Is  the  approximate  length  of  the  test  facility, 

Rq  is  the  distance  from  the  Jet  engine  to  the 
measurement  point. 

R,  is  the  distance  from  the  exhaust  to  the 
measurement  point. 


The  above  equation  also  assumes  that  almost  all  of 
the  noise  is  radiated  from  the  exhaust  of  the  test  cell. 
Another  term  20  IoS^q  ^  ,  could  be  added  to 

account  for  radiation  from  8he  intake,  We  shall  consider 
only  the  exhaust  term  as  this  will  give  the  greatest 
possible  inverse  square  error. 

The  third  term  is  the  decrease  in  SPL  due  to  the 
change  in  directivity  caused  by  the  test  facility.  In 
£i  well  designed  test  cell  the  average  value  of  (C^  - 
its  positive  because  a  large  fraction  of  the  acoustic 
energy  is  directed  upwards  (i.  e.,  away  from  a  receiver 
on  the  ground). 

The  final  term,  (D^  -  D^),  measures  the  difference 
in  atmospheric  and  terrain  conditions  for  the  two  sets  of 
measurements,  l.e.,  before  and  after  "insertion"  of  the 
test  facility.  It  is  usually  impossible  to  make  the  two 
sets  of  measurements  over  identical  terrain.  In  addlt:i.on, 
the  atmospheric  effects  are  uncontrollable,  and  often  they 
vary  randomly  with  time,  so  that  will  not  generally 

be  zero. 

Since  the  evaluation  must  be  valid  for  the  distant 
field,  it  is  desirable  to  have  the  measurement  position 
far  from  the  engine  or  teat  facility  where  the  "C"  term 
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la  negligible.  But  to  assure  that  the  "D"  terms  are 
negligible,  the  measurement  positions  must  be  near  the 
engine  or  test  facility.  A  radius  of  2^0  ft  for  the 
measuring  clrciLe  has  been  selected  as  a  compromise 
between  these  antithetical  requirements. 

The  length  of  the  teat  facility,  "i",  will  be  less 
than  125  ft  for  most  test  cells  and  almost  all  ground 
run-up  suppressors.  Therefore,  the  Inverse  square  error 
will  be  20  log^^Q  [  ]  =  3  db  at  most,  for 

a  250  ft  measurement  circle. 

Recent  studles-^^^  of  sound  propagation  near  the 
ground  show  that  attenuation  owing  to  terrain  (typically 
1  ft  high  dense  ground  cover)  Is  negligible  for  distances 
less  than  200  ft.  At  250  ft,  the  effect  of  terrain  Is 
about  1  or  2  db;  at  400  ft  from  the  source,  attenuations 
of  5  to  10  db  are  encountered.  These  studies  also  deal 
with  sound  propagation  as  Influenced  by  wind  velocity, 
wind  velocity  gradients  and  temperature  gradients. 
Atmospheric  effects  will  be  negligible  at  all  positions 
on  a  measurement  circle  of  250  ft  radius.  If  the  wind 
velocity  at  20  to  40  ft  above  the  ground  Is  less  than 
5  knots.  If  a  greater  wind  velocity  Is  allowed,  the 
circle  must  be  made  smaller  to  avoid  wind  effects.  If  the 
circle  is  mad'  much  larger,  the  allowable  wind  velocity 
must  be  lowere-^ 

In  summary,  the  radius  of  250  ft  la  selected  as  an 
engineering  compromise  between  the  antithetical  requirements 
of  (1)  a  large  distance  which  Is  needed  to  avoid  near  field 
effects  and  (2)  a  small  distance  which  is  needed  to  avoid 
atmospheric  and  terrain  effects. 
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